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Abstract 
Accelerometers are widely used to measure children’s physical activity (PA) in large scale 
studies. However, the analysis of data from such studies is challenging and several 
methodological uncertainties remain regarding collection and processing protocols. The aim 
of this thesis was to investigate some of these issues in relation to a range of child and 
parental factors using data collected as part of the Millennium Cohort Study (MCS).  
 
The MCS is a UK-wide prospective study of the social, economic and health-related 
circumstances of children. Accelerometer-determined measurement of activity was 
introduced into the study when the children were aged seven years. Accelerometers were 
distributed and returned using a novel postal methodology. Reliable accelerometer data was 
obtained from 7,105 children. Analyses were conducted to determine: (i) data processing 
thresholds; (ii) predictors of consent, accelerometer return, and data acquisition, and; (iii) 
factors associated with intra-individual variation of PA and sedentary behavior (SB) across 
the four seasons.  
 
Analyses revealed that: (i) using a proposed minimum threshold of 11,715 counts/minute will 
enable researchers to identify extreme high count values in the ActiGraph GT1M, and using 
data from children with ≥ two days lasting ≥ six hours/day will provide reliable estimates of 
children’s habitual PA; (ii) a range of factors are associated with non-response, and; (iii) a 
single-measurement period may not adequately measure children’s activity due to substantial 
intra-individual variation in PA and SB across the seasons. Some children are also less stable 
in their activity and may therefore be more amenable to change. Interventions aimed at 
reducing SB and/or increasing PA may be particularly helpful for these groups of children. 
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These findings highlight the importance of quality control procedures in accelerometer data 
collection and processing. This thesis addresses methodological issues in large scale 
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1 Chapter 1: Purpose and structure of thesis 
1.1 Purpose of research 
The overall purpose of this research was to address some of the major methodological 
uncertainties in using accelerometers to measure physical activity (PA) and sedentary 
behaviour (SB) in large scale studies in children. SB in this thesis refers to objectively 
measured sedentary time. This was achieved by identifying gaps in the research base, 
providing evidence to address some of these gaps, and proposing the next steps in study 
practice and research to further reduce these uncertainties.  A number of methodological 
issues were investigated in relation to a wide range of child and parental factors using data 
collected as part of the Millennium Cohort Study (MCS), a UK (United Kingdom) -wide 
prospective study of children.  These issues included: (i) the use of accelerometer data 
processing thresholds; (ii) predictors of consent, accelerometer return, and reliable data 
acquisition, and; (iii) factors associated with intra-individual variation of PA and SB across 
the four seasons.  
 
1.2 Structure of thesis 
This thesis presents a systematic literature review, a detailed report of the MCS accelerometer 
fieldwork, three original research studies and an overall thesis discussion detailing 
suggestions for future study practice and additional research. The structure of the thesis is 
outlined in Figure 1. 
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Figure 1: Structure of thesis 
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Chapter 2 provides an introduction to the concepts of PA and SB, and sets the context for the 
work presented in this thesis. Chapter 3 presents the findings of a structured literature review 
and reports the study methodology of large scale accelerometer studies in children. This 
literature review also critically evaluates previous research investigating: 1) factors associated 
with study consent and/or reliable accelerometer data acquisition in children; 2) different 
methodological approaches to accelerometer data processing in children, and; 3) seasonal 
differences in the levels and patterns of children’s PA and SB. Consent refers to the provision 
of approval to participate in the study, and the acquisition of reliable accelerometer data 
refers to the acquirement of reliable accelerometer data according to the study wear time 
threshold (the  minimum amount of time that the child needed to wear their accelerometer to 
be included in analyses).  
 
Chapter 4 introduces the MCS, gives a detailed account of the accelerometer protocol used in 
the MCS, and defines the MCS interview variables used in Chapters 6, 7, and 8.  Chapter 5 
provides a comprehensive report of the MCS main stage accelerometer fieldwork. 
 
Chapters 6, 7, and 8 are original research studies undertaken by the author. Specific methods, 
statistical analyses, results and discussions relevant to the specific aims of the study are 
presented in each chapter. Two quality control procedures that researchers need to consider 
when processing accelerometer data are explored in Chapter 6.  Chapter 7 investigates the 
child and parental factors associated with study consent, accelerometer return, and reliable 
data acquisition.  Intra-individual variation in children’s PA and SB is investigated in relation 
to a range of child and parental factors in Chapter 8. Finally, Chapter 9 concludes with a 
summary of the research presented in this thesis, reflects on their limitations and 
implications, gives advice based on this research for future study practice and interventions, 
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discusses the strengths and limitations of the MCS data and accelerometer fieldwork, and 
provides general conclusions and reflections on this thesis. 
 
1.3 Role of the researcher 
The research presented in this thesis was conducted in collaboration with my supervisors and 
colleagues; therefore, my role in the research is clarified here. 
 
I contributed towards the Wellcome Trust grant application and design of this large scale 
accelerometer study and, as part of this, I made a large contribution towards the development 
of a pilot study and dress rehearsal, of which I was responsible for conducting the fieldwork. 
The MCS interview data at all sweeps were collected by trained interviewers at the NatCen 
(MCS4) and managed by the Centre for Longitudinal Studies (CLS). I helped to supervise, 
and was part of, a team of trained research staff at the ICH (Jane Ahn, Florence Kinnafick 
and Richard Pulsford) that conducted the MCS main stage and seasonal accelerometer 
fieldwork, which involved liaison with the survey managers at the CLS and the fieldwork 
agencies. 
 
The MCS4 accelerometer fieldwork data were cleaned by Jane Ahn (ICH) and myself. The 
accelerometer data were cleaned and processed using an R package developed by Dr Marco 
Geraci (ICH)
220
; I played a large part in the design and testing of this software, and helped 
define the data processing standard operating procedure (Section 4.3.4.3).  Francesco Sera 
and Dr Mario Cortina-Borja (ICH) developed the R functions to detect the observational 
period for each accelerometer file; I helped design these functions and completed the gold 




The MCS interview variables were cleaned and constructed by either myself, other members 
of the MCS Child Health Group at the ICH, or the CLS. I was responsible for linking the 
accelerometer fieldwork data and derived activity variables with the MCS interview data. 
 
Analyses for the data processing chapter (chapter 6) were conducted using functions 
developed in the R software environment by Dr Mario Cortina-Borja in consultation with 
myself. I independently conducted all other analyses in this thesis and was also responsible 
for the generation of the thesis objectives and analysis strategies, which were agreed in 
consultation with my supervisors (Dr Lucy Griffiths, Dr Mario Cortina-Borja and Professor 
Carol Dezateux). In addition, I independently conducted all stages of the detailed literature 
review, and was entirely responsible for writing this thesis.  
 
As well as preparation of reports to the MCS survey team (Appendix A and Appendix B) and 
manuscripts for publication, I have also presented my work at national and international 
conferences.  I am the first named author on two publications
221 224
 that have resulted directly 





accepted for publication and another that is currently being reviewed by a journal
223
. I was 
responsible for the conception, analysis, interpretation, and writing of these papers, in 
collaboration with my co-authors. I was also involved in the conception and study design, and 
was part of the data collection team for the MCS accelerometer calibration study, and was co-
author on the peer-reviewed publication of this study (Appendix E) 
213





2 Chapter 2: Introduction 
2.1 Chapter overview 
This chapter defines the concepts of PA and SB, describes the methods used to measure these 
variables in large scale studies, and reports the levels of children’s PA and SB in the UK.  
 
2.2 Physical activity 
2.2.1 Physical activity definition 
The epidemiological study of any concept or event requires the variable under investigation 
to be defined and measured
1. “PA”, “exercise”, and “sport” are terms that are often used 
interchangeably but all describe different concepts.  This thesis focuses on the concept of PA 
– a complex and multi-dimensional behaviour that is defined as ‘any bodily movement 
produced by skeletal muscles that result in energy expenditure (EE)’1. EE is the exchange of 
energy required to perform biological work
2
.  There are three main components of total EE in 
humans: the basal metabolic rate (approximately 50 to 70% of total energy); the thermic 
effect of food; and, the EE of PA (activity thermogenesis)
2
. PA is the most variable 
component of total EE and includes the full range of human movement from structured (e.g. 
sports, exercise, and transportation) to unstructured activities (e.g. hobbies and play). 
 
Although similar to PA, exercise is defined as ‘a subcategory of PA that is planned, 
structured, and repetitive and has a purpose of improving or maintaining one or more 
components of physical fitness’1. Sport is another subcategory of PA that involves structured 
activity, an element of competition, and has a framework of institutional organisation
3
.  It is 
evident from these widely accepted definitions that PA is a broad concept that includes both 
exercise and sport, whilst exercise and sport are more specific terms, i.e. not all PA is 




PA is often quantified according to four different dimensions: frequency, duration, intensity, 
and mode of activity performed. Frequency relates to how often the activity occurs over a 
specified time period (e.g. five times a week). Duration refers to the amount of time sustained 
in one bout of activity (e.g. 60 minutes per session). Intensity of PA refers to the level of 
effort required to perform the activity, and is typically measured in terms of metabolic 
equivalents (MET). A MET value is defined as the ratio of the working metabolic rate to the 
resting metabolic rate
4
. The standard adult definition of one MET is equal to a maximum 
oxygen uptake value of approximately 3.5ml O2/kg/minute or 1.0kcal/kg/hour. This 
definition is inappropriate for children as maximum oxygen uptake can decline from 18 
years
5
. As a result, Schofield generated child-specific equations that account for gender, age, 
height, and weight
5
. PA levels are often expressed as the time spent each day in 
predetermined intensity levels. There are three widely accepted intensity levels: light PA 
(LPA), moderate PA (MPA), and vigorous PA (VPA). METs can be used to describe the EE 
of activities at these intensities (Table 1). UK government guidelines recommend that 
children engage in moderate and VPA (MVPA) for at least 60 minutes and up to several 
hours every day
60
.  The mode of activity refers to the type of PA performed (e.g. running, 
swimming or gymnastics). 
 









Effect on the body system
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Light 1.1 – 2.9 
METs 
Self-care, slow walking 
and playing an instrument 
Minimal increase in normal 
breathing rate 
Moderate 3.0 – 5.9 
METs 
Brisk walking, bike riding 
and playground activities 
Child will feel warm and 
slightly out of breath, but they 
should still be able to carry on a 
conversation 
Vigorous 6.0 – 8.9 
METs 
Running and other sports 
including swimming or 
football 
Child will feel out of breath and 
sweaty, making it more difficult 
to carry on a conversation 
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2.2.2 Physical activity and health 
Health has been defined by the World Health Organisation (1946) as ‘a state of complete 
physical, mental and social well-being and not merely the absence of disease or infirmity’7. 
Regular PA in children is associated with improved health
8
, including a decreased risk of 
developing type 2 diabetes
9









A large scale study investigating the PA levels of children living in the USA (United States of 
America) with type 1 and type 2 diabetes found that between 17.7% and 35.4% of the study 
population did not meet the current national PA guidelines
14
. This is particularly important 
because PA plays a vital role in the management of diabetes, by improving acute and chronic 
glucose control, and by reducing the risk of cardio metabolic complications
14
. Current 
guidelines from the National Institute for Health and Clinical Excellence suggest that daily 






 found an association between the clustering of risk factors for cardiovascular 
disease (waist circumference, insulin, triglycerides, systolic and diastolic blood pressure) and 
PA independent of adiposity in 1,709 children participating in the European Youth Heart 
study (EYHS). Andersen et al
10
 also investigated the association between single and clustered 
risk factors for cardiovascular disease with PA in children participating in the EYHS. The 
authors found a clear graded relationship between PA and risk factors for cardiovascular 
disease: the highest quintile for PA displayed the lowest accumulation of risk factors and 




Positive associations between accelerometer-determined PA and lumbar and hip bone mass 
were found by Janz et al
17
 in 368 preschool children. Tobias et al
11
 also found that 
accelerometer-determined PA was associated with bone health: a dose-response relationship 
between PA and bone mineral density was observed in 4,457 eleven year old children 
participating in the Avon Longitudinal Study for Parents and Children (ALSPAC).  When 
analyses were adjusted for height and lean mass, PA was inversely related to bone size, 
however, when adjusting for fat, lean mass and height, PA was positively related to bone 
size. As a result, the positive influence of PA on bone size seems to be opposed by the 
tendency of PA to reduce fat mass, although further research is required to confirm these 
findings. The positive associations between psychological well-being and PA has been well 
documented, and a review by Van Der Horst et al
13
 evaluating 60 published articles found 
strong evidence for a positive association between self-efficacy and PA in children, and 
moderate evidence for a positive association between attitude, self-efficacy, and goal 
orientation with PA in adolescents.  
 





.  Jiménez- Pavón et al’s20 review evaluating the associations between objectively 
measured PA and adiposity supports the hypothesis that higher levels of habitual PA are 
protective against childhood obesity, although further prospective longitudinal studies are 
warranted to provide evidence for a dose-response relationship. It has also been suggested 
that if an individual is physically active during childhood he or she is likely to remain 
physically active as an adult, and as a consequence, may be less likely to develop heart 
disease, cancer, stroke and diabetes in adulthood. Telama et al’s21 review evaluating tracking 
of PA from childhood to late adulthood found only a small number of studies that used 
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objective tools to measure PA, but found that PA tracks reasonably well from childhood to 
young adulthood and beyond.   
 
2.2.3 Measurement of physical activity in epidemiology 
2.2.3.1 Introduction 
An increased awareness of the importance of PA and SB, combined with technological 
advances in their measurement, has improved the ability to measure these variables in free 
living conditions.  The ideal measurement tool would capture all dimensions of PA, however, 
no single method currently exists that measures the frequency, intensity, duration, and type of 
activity. The choice of method depends on the research question being addressed. The age of 
the study sample, and whether individual or population level estimates are necessary will also 
influence the measurement method. Other important considerations include the reliability, 
validity, and feasibility (e.g. study size and budget) of the measurement tool. For a 
measurement tool to be considered reliable its results must be replicable and stable under the 
different conditions in which it is likely to be used
22
. Validity is the extent to which a 




2.2.3.2 Subjective methods 
Subjective methods are the cheapest and most convenient way to collect PA data from a large 
sample of people in a relatively short period of time, and they include self or interview 
administered questionnaires, activity diaries or logs, and self-report methods. 
 
Questionnaires 
PA questionnaires (PAQ) are the most widely used subjective tool to determine PA in 
children. They are easy to administer, acceptable to study participants, and are often the only 
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feasible way to assess PA in large scale studies due to financial resources.  They are also 
valuable for assessing aspects of PA not measured easily using objective methods, such as the 
type and location of PA. However, cognitive immaturity can make self-report of PA difficult 
in children, particularly as young children may lack the ability to think abstractly and perform 
detailed recall
24
. Self-report is further problematic in children as their activity pattern is more 
variable and intermittent than that of adults
25
. If parent-proxy reports are used further issues 
can occur because parents are not present during school time PA. 
 
Numerous questionnaires for children have been developed which vary greatly in length, and 
the type of activities and recall periods used. Questionnaires developed for children include 
the following:   
 PAQ for Older Children26 
 Children’s Leisure Activities Study Survey27 
 Girls Health Enrichment Multisite Study Activity Questionnaire28 
 Youth PAQ29 
 Children’s PAQ29 




 evaluated previous research investigating the measurement properties 
(reliability, validity, and responsiveness) of self-report PAQ that are used in children. None 
of the included versions of PAQs (n=61) showed both acceptable reliability and validity. 
Reported validity varied with correlations ranging from very low to high (e.g. previous day 
PA recall r=0.77; p<0.05). Corder et al
29
 investigated the validity and reliability of several 
PAQs used in children’s studies, and found that they were unable to estimate accurately the 




Self-reported PA using a diary or log provides a detailed record of an individual’s daily PA. 
Individuals typically use a PA diary to record individual bouts of PA as they occur during the 
day, and participants are most commonly asked to record their activity using a predefined 
coded list. An activity log usually gives examples of PA in specific intensities and require 





Diaries and logs provide detailed information on the activity intensity and patterns of PA 
throughout the day. In addition, they rely on the subject’s recall ability less than 
questionnaires do, and are also relatively inexpensive methods for assessing bouts of PA. 
However, due to the high level of compliance required to complete PA diaries, this method is 
less feasible for younger children. Participants may also be inclined to increase their PA level 
as a result of completing the activity diary.  
 
Few studies have successfully shown the validity of PA diaries or logs in children. Parent-





 compared accelerometer-determined PA with parent-proxy report of PA using a 
seven day activity diary in 34 three to five year olds. The authors reported a moderate 
association (r=0.44; p<0.05) between the time spent in accelerometer-determined VPA and 
total PA assessed by the diary. However, accelerometer-determined activity counts, MPA, 
MVPA and SB were not significantly associated with total PA and SB recorded by the 




2.2.3.3 Objective methods 
Objective methods such as pedometers and accelerometers are being increasingly used in 
large-scale studies to determine levels and patterns of children’s PA and SB.  The main 
advantages of objective measurement compared to subjective methods include the avoidance 
of bias, greater confidence in the amount of PA and SB measured, and improved ability to 





Pedometers are small, inexpensive, electronic motion sensors which are worn on a belt or 
waistband and respond to vertical accelerations of the hip during gait cycles
36
.  Pedometers 
measure walking activity by measuring steps and/or distance.  They are economically feasible 
to use in large scale studies in children and offer a cheaper alternative to accelerometers. 
However, pedometers are unable to measure specific types of activities including swimming, 
cycling, and upper body movements.  They are also unable to determine the intensity, 
frequency, or duration of movement, and are less accurate at slow walking speeds
37
 and very 
fast running speeds
38
. Furthermore, some pedometers are not able to store data internally for 
longer than 24 hours and require users to record their daily step readings, which may not be 
feasible in paediatric studies.  
 
Several studies have investigated the validity of pedometers to measure PA in children. Eston 
et al
39
 compared the Yamax Digiwalker (Figure 2) with oxygen consumption during 
unstructured play activities, and treadmill walking and running in eight to ten year old 
children. The authors reported good correlations (r=0.81; p<0.001) between step counts and 
oxygen uptake for all activities. Kilanowski et al
40
 compared the Yamax Digiwalker with 
accelerometer- determined PA and directly observed PA in 12 year old children, and reported 
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correlations of 0.99 and 0.96 respectively (p<0.05). Crouter et al
41
 validated ten different 
pedometers and found that they were most accurate for assessing steps, less accurate for 
assessing distance, and even less accurate for assessing EE.  
 
Figure 2: Yamax Digiwalker pedometer 
 
Accelerometers 
In recent years accelerometers have been regarded as the gold standard method to determine 




.  Accelerometers are instruments designed to measure time 
varying differences in acceleration (the rate of change in velocity with respect to time) of 
body mass. Accelerometers measure accelerations using piezoelectric or seismic sensors in 
one (longitudinal body axis, usually vertical), two (vertical and medio-lateral or vertical and 
anterior-posterior) or three (vertical, medio-lateral and anterior-posterior) directions
44
. When 
applied to PA measurement an accelerometer can assess the frequency, intensity, and 
duration of movement. There are a wide variety of accelerometers available that vary in cost 
and functionality, although the most commonly used is the ActiGraph (formerly MTI and 
CSA) accelerometer (Figure 3). Accelerometers have been validated extensively in children 
and have compared favourably against observational techniques
45











Figure 3: ActiGraph GT1M accelerometer 
 
 
Accelerometers collect and store data over time sampling intervals known as epochs. The 
epoch sampling period can range from raw data frequencies (e.g. 10 hertz) to several minutes. 
Modern accelerometers have excellent storage capacity and can capture data for extended 
time periods using very short sampling frequencies.  
 
Unfortunately, single axis monitors cannot accurately measure all types of PA including 
upper body movement, cycling, walking on an incline, and carrying heavy loads. In addition, 
the majority of accelerometers are not waterproof (although the recently developed 
ActiGraph GT3X-plus model is water resistant up to one metre) and therefore cannot 
measure water-based activities such as swimming and diving. Furthermore, accelerometers 
are expensive compared to subjective methods, particularly as software, charging equipment, 
and maintenance costs also need to be considered.  
 
The primary outcome measure of an accelerometer is body acceleration, expressed as a count 
value. A count is biologically meaningless, and varies across devices and even across models 
of the same device
49
. Count values are influenced by the amplitude and frequency of 
acceleration, and must be derived into biologically meaningful outcome variables such as the 
number of daily minutes spent in SB or in LPA, MPA, or VPA. Thresholds used to define 
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activity intensities and SB are derived from studies that calibrate accelerometer counts with 
an objective gold standard measure of EE such as oxygen consumption over a range of 
exercise intensities. The thresholds used to define activity intensities in children’s 
accelerometer studies vary greatly. ActiGraph accelerometer thresholds used to define SB in 
five to eight year old children range from at least 25 counts/15 seconds to greater than 397 
counts/15 seconds, and definitions for MPVA range from at least 574 counts/15 seconds to 
greater than 890 counts/15 seconds
50
. Studies have found that the use of different activity 




Heart rate monitoring 
HR monitoring is a relatively inexpensive, robust, and nonintrusive method to assess PA EE 
in children. A HR monitor is typically integrated into a chest strap which is connected 
wirelessly to a data logger hidden in a watch. Adhesive electrodes that can be attached to 
subjects have also been developed to measure HR. HR monitoring is an attractive approach to 
measuring PA because of the linear relationship between HR and EE during steady state 
exercise. The most commonly used method to measure EE using HR monitoring is the Flex 
HR, especially during LPA
52
. Although there is no consensus regarding the definition of Flex 
HR, it is normally determined by measuring HR during lying, sitting, standing, and LPA, and 
computing the mean of the highest resting value and lowest exercise value
53
. HR values that 
fall below the Flex HR are determined as resting EE, and individual calibration curves are 
used to predict EE for HR values above the Flex HR.  The Flex HR method has been shown 







A major limitation of HR monitoring is that the relationship between HR and EE is uncertain 
below the Flex HR and, as a result, it does not provide an accurate estimate of PA at this 
intensity. In addition, other factors can influence HR including age, body size, proportion of 
muscle mass used, emotional stress, and cardio-respiratory fitness, particularly if below the 
Flex HR. In addition, HR varies greatly between individuals at specific intensity levels and 
therefore individual calibration of HR with EE is required. HR monitoring can also fail to 
measure the sporadic nature of children’s PA due to the lag in HR response that occurs 
momentarily after changes in movement.  Furthermore, HR monitoring may not be feasible in 
children because of the necessity for skin contact.   
 
Combination sensors 
The measurement of PA using one or more physiological sensors combined with movement 
sensors is a developing area of research. Combined devices such as combination HR and 
movement sensors, combination temperature and movement sensors, and multisensory 
devices utilise the unique advantages of each method, and reduce some of the disadvantages 
of each method used alone. Studies have demonstrated increased accuracy in measuring PA 
using combined HR monitoring and accelerometers rather than using these measures in 
isolation in preschool (although not for SB)
56
 and  young children
39 57 58
. The first 
commercially available combined sensor was the Actiheart (Figure 4), of which the intra- and 
inter- instrument reliability and validity of the combined HR and motion sensor has been 
reported
59
. However, combination methods are still relatively expensive to use in large scale 




Figure 4: Actiheart combined heart rate and accelerometer sensor  
 
2.2.4 Physical activity recommendations 
A UK-wide consensus from the four nations’ Chief Medical Officers on the amount and type 
of PA at each stage of the life course was launched in July 2011
60
. In light of growing 
epidemiological evidence, PA recommendations for children living in the UK were revised. It 
is now recommended that all children engage in MVPA for at least 60 minutes and up to 
several hours every day, and VPA should also be incorporated at least three days a week.  
 
2.2.5 Physical activity levels in UK children 
Relatively few large scale studies have collected accelerometer data in children living in the 
UK
61-64




, and boys are consistently 
more active than girls. Differences between studies are largely attributed to the use of 




 counts per 
minute (cpm).  For example, the ALSPAC reported that only 2.5% of 11 year old children 
(5% of boys and 0.4% of girls) from the South West of England met the national guidelines.  
These prevalence estimates contrast with adherence reported by the Sport, PA and Eating 
Behaviour: Environmental Determinants in Young People (SPEEDY) study who found that 
69.1% of British children met the current PA recommendations
61
. The Child Heart and 
Health Study (CHASE) used the same threshold to define MVPA as that used by the 
SPEEDY study, and reported similar PA adherence in nine to ten year old children: 64% of 
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children participating in the CHASE met the recommended government guidelines
64
. These 
estimates are similar to those reported by the Health Survey for England using self-reported 
PA: 70% of boys and 61% of girls (aged two to ten years) participating in the Health Survey 




2.3 Sedentary behaviour  
2.3.1 Sedentary behaviour definition 
SB has been defined as ‘a state in which bodily movement is minimal representing a state 
where EE approximates resting metabolic rate’66. SB is not simply the absence of PA but 
involves purposeful engagement in activities that involve minimal movement and low EE
67
. 
SB should be viewed as a separate construct from PA, and although this distinction gets 
overlooked being ‘insufficiently active’ is different from being sedentary68. Sedentary 
activities include screen-time [television (TV) viewing and computer use], motorised 
transport, sitting to read, talk, or complete homework, and listening to music. SB includes 
activities with an EE of 1.0 to 1.5 METs
4
.   
  
2.3.2 Sedentary behaviour and health risk  





. Martínez-Gómez et al71 also found that children’s TV viewing and 
screen time were associated with blood pressure independent of body composition. Several 
studies involving children have also shown that SB is negatively associated with body weight 







 found that the odds of children being overweight were increased by 63% if they 
used electronic media for more than two hours per day. The associations between SB, 
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obesity, and adverse metabolic profiles vary in magnitude, and may not always be 




2.3.3 Measurement of sedentary behaviour in epidemiology 
Measurement of SB should ideally capture the frequency, duration, and type of sedentary 
activity. The frequency and duration of SB can be captured using accelerometers. The 
benefits of using accelerometers to measure PA have previously been discussed and remain 
true for their use in measuring SB. However, accelerometers are unable to confirm the type 
and setting of SB and there is also no consensus on the most appropriate count threshold to 
define SB. As a result, self-report methods are often used to capture the type of SB, usually 




 Technological (screen time): TV viewing, computer use, small screen use 
 Socialising: chat, phone, texts 
 Motorised transport  
 Homework or reading  
 
There are a wide range of available questionnaires which typically ask subjects to report the 
frequency and duration of the time spent in different SB over a specific time frame
75
. 
Researchers have also used recall diaries, where children or parents report their child’s 
behaviour at set time periods over several days. Some common subjective methods used to 
measure SB in children include: 
 Self-Assessed PA Checklist76  
 Previous Day PA Recall77  
 Multimedia Activity Recall for Children and Adolescents78  
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 Adolescent Sedentary Activity Questionnaire75  
 
The most common SB measured in children is TV viewing.  Bryant et al
79
 reviewed studies 
that have measured TV exposure in children, and found that relatively few of the 
measurement tools used had supportive evidence to show their validity or reliability. Direct 
observation is considered the gold standard method for measuring TV viewing but this is 
intrusive, burdensome for researchers, and has the possibility to influence behaviour. 
 
2.3.4 Sedentary recommendations 
A number of countries (Australia, Canada, USA, New Zealand, France, Denmark, and 
Finland) have national recommendations for the maximum amount of time children should 
spend sedentary each day and/or for the maximum amount of daily screen time
80
. For 
example, the USA government recommend that children should limit their total daily media 
time to two hours or less
81
. Canada recommend that inactive children should decrease the 
time they spend watching TV, playing computer games, and using the internet by at least 30 
minutes less per day, and over several months, should decrease the time spent in these 




Despite emerging evidence reporting the associations between SB and negative health 
consequences, the UK does not currently have a specific recommendation for the maximum 
amount of time children should spend sedentary each day. However, the Department of 
Health now recommended that children should minimize the amount of time they spend in 






2.3.5 Levels of sedentary behaviour in UK children 
Findings from large scale UK-based accelerometer studies report varied levels of SB among 
children.  The CHASE study reported that nine to 11 year old children spend approximately 
580 minutes in SB (defined as <100 cpm) per day
64
. The ALSPAC reported that children 
spend, on average, 430 minutes per day in SB (defined as <200 cpm) at 12 years, and even 
longer periods at older ages
38
. Using a similar definition of SB, the Health Survey for 
England collected accelerometer-determined measures of SB, and found that children spend 




Several large scale studies have assessed children’s SB using self-report measurement tools84-
87
. The Project STIL collected information on SB patterns in 1,371 teenage children living in 
the UK using self-reported PA diaries for three weekdays and one weekend day. The study 
found that TV viewing during the week was not excessive: only 3.3% of girls
85
 and 8.9% of 
boys
84
 watched more than four hours of TV on weekdays, but this increased to 20.7% and 
33.8% in girls and boys respectively at the weekend. Fairclough et al
87
 used questionnaires to 
determine levels of SB in 6,337 nine to ten year olds: 36% and 53% of girls and boys 
respectively watched TV for more than an hour on weekdays, and 42% and 54% of girls and 
boys respectively watched TV for more than an hour on weekend days. They also reported 




2.4 Key points 
 PA is a complex and multi-dimensional behaviour that is difficult to measure in 
children. 
 In the UK, children are recommended to engage in MVPA for at least 60 minutes and 
up to several hours every day.  
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 The health benefits of regular PA are well established, however, evidence suggests 
that not all children are meeting the UK guidelines. 
 The proportion of children meeting the current PA guidelines depends on the PA 
measurement tool and the methodological protocol employed. 
 SB is a separate construct to PA and involves purposeful engagement in activities that 
involve minimal movement.  
 Emerging evidence has shown the negative health consequences associated with SB, 
and as a result, the UK government now recommend that children should minimise 
the amount of time they spend sedentary. 
 Accelerometers are considered the most appropriate tool to measure PA and SB in 
large scale studies in children, however, they have a number of limitations that require 














3 Chapter 3: Literature Review 
3.1 Chapter overview 
This chapter presents the findings of a structured literature review. This literature review 
reports the study methodology of large scale accelerometer studies in children and also 
critically evaluates previous research investigating a number of methodological uncertainties 




The availability of accelerometer-based measures of PA suitable for large scale studies in 
children creates opportunities for further understanding of the levels of PA, and its 
determinants and their relation to health outcomes in children. Despite the increasing use of 
accelerometers for children’s PA assessment uncertainties still remain regarding 
accelerometer protocols. Most published research has focused on the well documented 





, and accelerometer placement
97-100
; however, these issues do not occur in 
isolation. Additional considerations such as the willingness of participants to wear 
accelerometers, and the potential bias that could result from the loss of data from children not 
consenting to participate, or from consenting children not wearing their accelerometer as 
required needs to be explored.  
 
Researchers also face a number of important data processing decisions, including defining the 
minimum wear time threshold, defining accelerometer non-wear time, and identifying 
extreme high count values (EHCV).  The wear time threshold is typically used to determine 
which children are included in analyses, and is defined as the minimum number of hours per 
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day and the minimum number of days of accelerometer data required per child to provide 
reliable estimates of children’s activity.   The identification of non-wear time is particularly 
problematic due to the difficulty in distinguishing between periods of inactivity and periods 
in which the accelerometer was not worn. As such, biologically implausible periods of 
continuous inactivity data need to be identified as non-wear time. This is typically determined 
by selecting a minimum length of time represented by continuous zero counts that surpass a 
length beyond which it is deemed unlikely that the accelerometer could have been worn. 
EHCV may have occurred because of accelerometer malfunction or the participant interfering 
with the instrument. These count values need to be identified and removed prior to data 
analysis. Data processing decisions therefore have the ability to influence PA and SB 
outcome variables. If researchers use the same accelerometer data processing decisions more 
reliable comparisons could be made between studies.  
 
The influence of accelerometer data collection timing and frequency, particularly the season 
of data collection also need to be understood fully.  Temperature, precipitation levels, and 
day length vary across seasons in temperate climatic regions of the world, and have the 
potential to influence levels of PA and SB. The ability to identify specific seasons that are 
characterised by low PA levels and/or high periods of SB is important for the design of future 
public health interventions aimed at promoting PA, reducing SB, and reducing seasonal 
fluctuations in these behaviours. An increasing number of studies
61 64 101-115
 have investigated 
the influence of season on PA in children and it is vital to get a detailed overview of the 
current research available. Assessment of the existing research on these issues is needed to 
identify the gaps in the evidence-base so that future research can address these gaps, and 





The overall aim of this review is to identify gaps in the current evidence base and assess 
critically existing research that has evaluated several methodological uncertainties in 
accelerometer data collection and processing in children.  
The four objectives of the systematic review are: 
1. To identify large scale accelerometer-based studies of children’s PA and/or SB 
and report for each study: a) the accelerometer data collection and processing 
protocol; b) the study consent rate, and; c) the proportion of children returning 
reliable accelerometer data. 
2. To identify and assess critically articles evaluating factors associated with study 
consent and/or reliable accelerometer data acquisition in children. 
3. To identify and assess critically articles evaluating different methodological 
approaches to accelerometer data processing in children. 
4. To identify and assess critically articles evaluating the influence of season on 
levels of PA and SB in children. 
 
3.4 Methods 
3.4.1 Search strategy 
A systematic search strategy was developed in PubMed (Appendix F) and four separate 
searches addressing each of the review objectives were conducted using the following 
electronic databases: Embase, Medline, PubMed, and Web of Science. Searches were 
conducted to identify studies with the MeSH terms ‘child, preschool’ or ‘child’ or 
‘adolescent’ and ‘motor activity’ or ‘energy metabolism’ or ‘sedentary lifestyles’ or 
‘television’. To achieve each of the review objectives, the following search terms were 
combined with the above MeSH terms in Medline: 
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 Objective one: ‘physical or motor activity’ or ‘energy expenditure’ or ‘sedentary’ or 
‘television’ or ‘computer’ and ‘accelerometer’. 
 Objective two: search terms used to address objective one and ‘consent’ (MeSH term) 
or ‘valid’ or ‘compliance’ or ‘feasibility’ or ‘acceptability’ or ‘adherence’ or 
‘predictors’ or ‘response’ or ‘bias’. 
 Objective three: search terms used to address objective one and ‘biostatistics’ (MeSH 
term) or ‘data’ or ‘analysis’ or ‘cleaning’ or ‘reduction’ or ‘spurious’ or ‘wear’ or 
‘day’ or ‘hour’ or ‘minute’. 
 Objective four: search terms used to address objective one and ‘season’ (MeSH term) 
or ‘weather’ (MeSH term) or ‘variation’ or ‘variability’ or ‘wind’ or ‘humidity’ or 
‘rain’ or ‘snow’ or ‘sun’ or ‘temperature’ or ‘cold’ or ‘hot’ or ‘month’ or ‘spring’ or 
‘summer’ or ‘autumn’ or ‘fall’ or ‘winter’. 
 
Each database was also searched for free text terms. All articles found as a result of these 
searches were screened to make sure they were relevant to the specific review objective. A 
citations search was also undertaken on all reviews articles identified from the searches, and 
on all articles included in the review. 
 
3.4.2 Inclusion criteria 
3.4.2.1 Article requirements 
Original research articles of any type (e.g. journal articles, theses, conference abstracts) were 
included in this review provided that an abstract was available, and the article was published 
in the English language. Review articles obtained as a result of the searches were not 




3.4.2.2 Publication date 
The use of accelerometers to measure PA in children is a relatively recent technology with 
the first portable accelerometer device for measuring human EE being manufactured in the 
late 1970’s116. The first validation study of accelerometer use in children was published in 
1985
117
. In this review all published articles were included up to and including the end of 
September 2010.  
 
3.4.2.3 Study design 
Articles of any study or methodological design were included provided they reported at least 




Articles were included in the review if all study participants, or a clearly defined subgroup of 
participants, comprised preschool children (aged two to five years), children (aged 6 to 12 
years) or adolescents (aged 13 to 18 years) that were not selected on the basis of having a 
specific disease or health problem. To achieve the first review objective, articles were only 
included if the study had a sample size of at least 250 subjects. Articles included in this 
review to achieve the second, third, and fourth review objectives were not restricted 
according to study sample size.  
 
3.4.2.5 Setting 
Articles from all countries were included in this review provided that they addressed at least 




3.4.3 Data extraction  
3.4.3.1 Objective one 
Articles were grouped according to the study in which subjects participated in. Author(s) and 
publication date(s) of all included articles were reported.  If studies were cross-sectional, only 
one article per study was used to obtain the relevant information using a modified data 
extraction sheet (because all data extracted would be identical). If studies were longitudinal 
and different measurement sweeps were discussed in separate articles, one article for each 
observational measurement was used to obtain the relevant information using the modified 
data extraction sheet. The following information was extracted for each study: study details 
(name and country of study); study aim(s); accelerometer data collection protocol (date of 
data collection, accelerometer model, number of wear days, epoch, distribution and return 
protocol); accelerometer data processing protocol (minimum number of days required per 
child for inclusion in data analyses, minimum daily wear time, definition of non-wear and 
EHCV, and definition of activity intensity thresholds); sample size calculations; study 
recruitment; study consent rate; sample characteristics (size, gender, age, ethnicity, and 
weight status), and; reliable accelerometer data acquisition.  
 
3.4.3.2 Objectives two, three and four 
A standard data extraction sheet was developed and used by the author to obtain relevant 
information for all articles that addressed objectives two, three and four. The following 
information was extracted: author; study name and country; article publication date; aim(s) of 
the article; date of data collection; sample characteristics (size, gender, age, ethnicity, and 
weight status); accelerometer measurement protocol (accelerometer model, epoch, 
accelerometer wear protocol, accelerometer data processing protocol); outcome variable(s); 
explanatory variables (where relevant); statistical methods; main article findings; article 
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conclusions, and; study limitations. The National Health Service Centre for Reviews and 
Dissemination proposed a simple assessment to guarantee a minimum level of quality based 
on study design
118
. However, a preliminary review of abstracts suggested that nearly all of the 
studies included in this review were observational studies and therefore poorly differentiated 
by the study hierarchy. Nevertheless, information relevant to the methodological quality of 
each article were also extracted,  including  study recruitment and sampling procedures, study 
design, sample size calculations,  representativeness of the study sample to the wider 
population (i.e. external validity), and representativeness of the achieved  sample to the study 
population (i.e. internal validity). The most important influence on study quality was 
considered to be the internal validity because the degree to which the results of the study are 
likely to be free of bias is dependent on whether children consent to participate in wearing an 
accelerometer, and also whether consenting children return and wear their accelerometer. As 
a result, this review assesses both sources of potential bias. 
 
3.4.4 Analysis 
The results of the review are presented as a qualitative review discussing each research 
question in turn with a descriptive analysis of outcomes. No attempt has been made to 
synthesise statistical outcomes as the heterogeneity across research methodologies was 
judged too large to permit this. 
 
3.4.5 Searches and abstract review 
3.4.5.1 Search results 
The number of abstracts identified in the electronic searches for each review objective 




Table 2: Number of abstracts identified in the final searches for each review objective 
according to the database used 
Objective PubMed Embase Medline Web of Science Total* 
One 729 628 534 947 2838 
Two 382 310 259 450 1401 
Three 610 531 489 789 2419 
Four 219 157 134 309 819 
* Includes duplicates 
 
3.4.5.2 Articles included 
Unique abstracts were reviewed against the inclusion criteria and screened to make sure they 
were relevant to the research question. A citations search was undertaken on all review 
articles, and on all original articles selected for inclusion. All articles selected for inclusion 
were obtained and reviewed in full. 
 
Objective one 
A total of 2,838 articles were identified from the electronic searches addressing review 
objective one, of which 2,140 were duplicates, leaving 698 unique articles (Figure 5). 
Abstracts were reviewed against the inclusion criterion, of which 397 articles were removed 
(leaving 301 articles); primarily because the sample size was lower than 250 subjects. 
Abstract review for relevancy of these studies to review objective one led to a further 231 
studies being excluded.  A citations search was undertaken on the 46 retained original 
research articles and on 24 relevant review articles, from which a further 12 articles were 


















































Figure 5: Flowchart of studies and articles selected for objective one 
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Figure 6 shows the derivation of articles included in the review to address review objective 
one.  There were no relevant articles found using the pharmacological and biomedical search 
engine (Embase) for any of the review objectives, but there was a vast amount of overlap 
between the medical and scientific search engines (PubMed, Medline and Web of Science).  
 






A total of 1,401 articles were identified from the electronic searches addressing review 
objective two, of which 1,020 were duplicates, leaving 381 unique articles (Figure 7). 
Abstracts were reviewed against the inclusion criterion, of which only 46 articles were 
removed, and reviewed for relevancy to review objective two which led to a further 308 
studies being excluded.  A citations search was undertaken on the 12 retained original 
research articles and on 15 relevant review articles, from which a further two articles were 
added. A total of 14 articles were selected for inclusion of the systematic review, all of which 
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were reviewed in full. Figure 8 shows the derivation of articles included in the review to 

















































A total of 2,419 articles were identified from the electronic searches addressing review 
objective three, of which 1,790 were duplicates, leaving 629 unique articles (Figure 9). 
Abstracts were reviewed against the inclusion criterion, of which 97 articles were removed, 
and reviewed for relevancy to review objective three which led to a further 498 studies being 
excluded.  A citations search was undertaken on the 13 retained original research articles and 
on 21 relevant review articles, from which one further article was added. A total of 14 articles 
were selected for inclusion of the systematic review, all of which were reviewed in full. 

























































A total of 819 articles were identified from the electronic searches addressing review 
objective four, of which 585 were duplicates, leaving 234 unique articles (Figure 11). 
Abstracts were reviewed against the inclusion criterion, of which only 45 articles were 
removed, and reviewed for relevancy to review objective four which led to a further 158 
studies being excluded.  A citations search was undertaken on the 17 retained original 
research articles and on 14 relevant review articles, from which no further articles were 
added. A total of 17 articles were selected for inclusion of the systematic review, all of which 
were reviewed in full. Figure 12 shows the derivation of articles included in the review to 























































3.4.6 Presentation of results 
The results of this review are separated into four sections according to each of the review 
objectives. Section 3.5.1 discusses all articles that were included in the review to address 
objective one. Articles are grouped according to the study (n=23) that subjects participated in, 
and discussed in alphabetical order according to study name. Sections 3.5.2, 3.5.3, and 3.5.4 
discusses all articles that were included in the review to address objectives two, three, and 
four, respectively. Articles are discussed in detail according to information obtained from the 
data extraction sheet. The main findings of each article are discussed in chronological order 






3.5.1 Objective 1: Study methodology of accelerometer studies in children 
3.5.1.1 Summary of studies 
3.5.1.1.1 Study overview 
The study abbreviations used throughout this review chapter are listed in Table 3. A total of 
23 large scale (n≥ 250) accelerometer-determined studies of children’s PA and/or SB were 
identified (Table 4).  
 
Table 3: Study abbreviations 
Abbreviation Study name 
AHA Amherst Health and Activity Study 
ALSPAC Avon Longitudinal Study of Parents and Children 
Bristol 3P’s Bristol 3P’s (parents, peers and physical activity) project 
CHAMPS UK Children’s Health and Activity Monitoring Programme in Schools 
CHAMPS USA Children’s Activity and Movement in Preschool Study  
CHASE Child Heart and Health Study 
CLASS Children’s Leisure Activities Study Survey 
CoSCIS Copenhagen School Child Intervention Study 
EYHS European Youth Heart Study 
FLAME Family Lifestyle, Activity, Movement and Eating Study 
IBDS Iowa Bone Development Study 
KOALA Child, Parent and Health: Lifestyle and Genetic Constitution (in 
Dutch) 
NICHD  National Institute of Child Health and Human Development Study 
of Early Child Care and Youth Development 
NHANES National Health and Nutrition Examination Survey 
PACY-2 Physical Activity and Dietary Intake of Children and Youth Study  
Pathways Pathways Study 
PEACH Personal and Environmental Associations with Children’s Health 
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PEACHES Physical Exercise and Appetite in Children Study  
PRESTYLE Preschool , Body Composition and Lifestyle Study 
Project EAST The Eating and Activity Survey Trial 
SPEEDY Sport, Physical Activity, and Eating Behaviour: Environmental 
Determinants in Young People 
TAAG Trial of Activity for Adolescent Girls 
 
A total of 58 articles analysed accelerometer data collected by these studies. Date of 


















 ), eleven from Europe [including seven from the UK (ALSPAC
61 72 108 138-











), two from 
Canada (PACY-2
163
, and Esliger et al
164
), one from New Zealand (FLAME
113
),  and one from 
Australia (CLASS
165 166
). Only four studies reported longitudinal data (ALSPAC, FLAME, 
NICHD, and TAAG) and the remainder reported cross-sectional data. Eighteen articles stated 
the date of data collection, which ranged from 1995 to 2009. 
 




. Studies included just children 
(6 to12 years; n=8; ALSPAC, Bristol 3P’s, CHAMPS UK, CHASE, CoSCIS, PEACH, 
PEACHES, and SPEEDY), children and adolescents (6 to 18 years; n=8; AHA, EYHS, 
NICHD, NHANES, PACY-2, Project EAST, TAAG, and Esliger et al
164
), or preschool 
children (two to five years; CHAMPS US, IBDS, KOALA, and PRESTYLE). The CLASS 
study included samples of preschool children and children.  Nearly all included both boys and 
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Abbreviations: n=sample size; m=males; f=females; y=years; mth=months; spr=spring; sum=summer; aut=autumn; win=winter; NS=not specified; Jan=January; 
Feb=February; Mar=March; Apr=April; Jun=June; Jul=July; Aug=August; Sep=September; Oct=October; Nov=November; Dec=December; d=days; hr=hours; 
min=minutes; sec=seconds; w/d=weekday; w/e=weekend; RSK=rural Saskatchewan; OOM=Old Order Mennonite; OOA=Old Order Amish; USK=urban Saskatchewan.
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3.5.1.1.2 Accelerometer measurement protocol 
Accelerometer model 
The ActiGraph accelerometer was used in 20 studies (12 used the 7164 model
17 61 120 130 132 133 
153 158 163 164 166 168
, and eight the GT1M model
64 123 143 145 149 152 160 161
), one used the Tritac 
R3D
131
, one used the Mini Mitter Actical
113
, and the remaining study used the Caltrac 
accelerometer
129
. The ActiGraph is thus the most widely used accelerometer, and has been 







, and EE measured by doubly labelled 
water
48







 accelerometers have also been shown to be a valid 
tool for assessing PA in children, but there has been some potential concerns reported with 
reliability of the Tritac R3D
89
. The ActiGraph is reported to be the most appropriate 






Almost half of all (n=12) studies
17 61 119 123 129 130 132 149 158 163 164 166
 used a 60 second epoch; 
this is likely to be because most of these studies used the older ActiGraph 7164 model, which 
is only capable of storing data collected using epoch lengths of greater than 60 seconds for a 
limited number of days due to limited battery life and data storage capacity. However, 
children’s activity has been shown to be sporadic, spontaneous and intermittent, with the 
majority of PA bouts lasting between 3 and 22 seconds
25
. Longer epochs may therefore be 
inappropriate when measuring children’s PA and may underestimate levels of MVPA. Recent 
advances in accelerometer design have meant that researchers can now select shorter epochs 





not state which sampling epoch they used. It is important to know the epoch length used so 
that reliable comparisons between study findings can be made:  recent research suggests that 
epoch lengths of 5 and 60 seconds should not be compared in children, and epochs of 5, 10, 




Accelerometer wear protocol 
All studies reported the number of days subjects were asked to wear their accelerometer, 




 days. The most common (n=12
61 64 120 123 129 130 132 133 145 152 
163
; 23% of studies) number of days that children were asked to wear their accelerometer was 
seven. There are various estimates for the minimum number of wear days required by each 
child to provide reliable measures of habitual PA
120
. In nearly all (n=22) studies participants 
were asked to wear the accelerometers during waking hours only, although subjects 
participating in the FLAME study
113
 were not asked to remove their accelerometers when 
sleeping. 
 
Most studies (65%; n=15
64 120 123 131 133 143 145 149 152 153 158 161 163 166 167
) distributed 
accelerometers through school visits. Other accelerometer distribution methods included 
home visits (n=2
129 132
), posting the accelerometers to subjects (n=1
17
), and by participant 











). In two (8%) studies
61 130
 a different method was used for returning 





subjects to return their accelerometers by UK Royal Mail and USA Express mail 
respectively. Only one study (NICHD)
129






Accelerometer data processing 
Only 15 (65%) articles reported the methods used to identify periods of non-wear time. In 
these, periods of at least 10







 minutes of 
continuous zero counts were used to estimate periods in which the accelerometer was not 
worn. The NHANES
130
 defined non-wear time as an interval of at least 60 minutes of 
consecutive zero counts, with an allowance for one to two minutes of activity counts between 
0 and 100.  
 
Eighteen out of 23 (78%) studies reported the minimum daily wear time used to determine 
whether the accelerometer was worn for a sufficient proportion of the day. The CHAMPS 
UK study
123
 defined minimum daily wear time as at least 600 minutes on weekdays, and at 
least 480 minutes on weekend days. The NICHD study
129
 defined minimum daily wear time 
as the first count after 05:00 until one of the following: at least 60 minutes of zero counts 
after 21:00, at least 30 minutes of zero counts after 22:00 or, the last zero count before 00:00. 














61 64 130 149 158 161 164
 minutes per day (Figure 13). 
The most common threshold used to define minimum daily wear time was at least 600 
minutes per day: seven out of 18 (39%) studies
61 64 130 149 158 161 164




Figure 13: Graph summarising the minimum daily wear time threshold used by large scale 
studies of childhood physical activity (n=16) 
 
 
The minimum number of wear days required by each child for inclusion in data analyses was 




 assessed compliance rates according to 
varying numbers of wear days and as a result a criterion was not necessary. The minimum 
number of wear days (total weekend and weekday) required by each child to be included in 





studies required at least two weekdays to characterise children’s weekday PA, and at least 
one weekend day to characterise children’s weekend PA. Most studies (n=1061 113 123 143 149 152 
153 158 160 161
; 48%) required at least three days of accelerometer data per child to represent 
habitual PA. The TAAG study
133
 used a threshold of at least one wear day, however, data 
were imputed so that all children had at least six days of data. The Pathways Study
131
 were 
only able to analyse children with one day of data as their sample were only asked to wear 















) required children to have 
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day of data from analyses. The identification of EHCV was reported in only one study: the 
ALSPAC removed a day’s worth of data if the average cpm for that day were more than 3 SD 




Figure 14: Graph summarising the minimum number of wear days required by each child for 
inclusion in analyses in large scale studies of childhood physical activity (n=21) 
 
3.5.1.1.3 Study consent and reliable accelerometer receipt 
Eighteen studies
61 64 113 120 123 129 130 132 133 143 145 149 152 153 158 160 164 166
 (78%) reported the 
proportion of children who consented to participate in wearing an accelerometer for their 
study: consent rate ranged from 27% (CLASS
166
) to 100% (Esliger et al
164
). Only two 
studies
131 167
 did not report the proportion of consenting children who returned reliable 
accelerometer data: reliable data acquisition ranged from 50% (Project EAST
132
) to 100% 
(Esliger et al
164
), but this was highly dependent on the study wear time threshold.  
 
The large scale studies relevant to this review which address objectives two (section 3.5.2), 
three (section 3.5.3) or four (section 3.5.4) will now be described in alphabetical order, 
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methods, study recruitment procedures, study consent rate, and reliable accelerometer data 
acquisition rate. 
 
3.5.1.2 Amherst Health and Activity Study  
3.5.1.2.1 Study overview 
The AHA
119-122
 is a cross-sectional observational study. The main aim of the study was to 
examine determinants of PA in school-aged children and youth living in the USA.   
 
3.5.1.2.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph 7164 accelerometer for seven days; a 60 second 
epoch was selected. Accelerometers were distributed by researchers visiting the school and 
were collected back at the school after the monitoring period.  Data collection took place in 
two sweeps. The first sweep (n=267) took place in autumn 1996 (late October to mid-
December), and the second sweep (n=108) took place in spring 1997 (April). 
 
The study only used children who provided all seven days of accelerometer measurement in 
data analyses. The minimum daily wear time was not specified in any of the included articles 
but any calculations undertaken on the data assumed that subjects wore their accelerometers 
for the entire waking period and that continuous zeros counts were indicative of sleeping. 
Study articles do not state if, and if so, how they identified EHCV. Age-specific count 
thresholds for each intensity level were derived from the EE prediction equation developed 






3.5.1.2.3 Study recruitment and consent 
Subjects were recruited from seven elementary schools, one junior high school, and one 
senior high school in Amherst, Massachusetts, USA; 38% of children (n=1,379) provided 
consent from a parent/guardian. Subjects involved in the PA monitoring were sampled by 
randomly selecting 100 children from four age group categories. If a student refused to 
participate (n=4), a replacement was randomly selected from the same grade and gender 
group.  
 
3.5.1.2.4 Reliable accelerometer data acquisition 
Following deletions for monitor failure (n=14), monitor loss (n=1), participant tampering 
(n=4), and outliers (n=6), the final sample consisted of 375 (93.8% of consenting children) 
children who returned reliable accelerometer data (at least seven days). Sample 
characteristics of the children who returned reliable data in the AHA are summarised in Table 
5.   
 
Table 5: Amherst Health and Activity Study subject characteristics by gender and age for 
children returning reliable data; mean (SD) 
 Boys Girls 
Age(years) 6-9 9-12 12-15 15-18 6-9 9-12 12-15 15-18 
n 42 51 48 44 48 46 48 48 


















































% white 66.0 79.6 85.4 73.3 65.9 67.4 85.4 77.3 





3.5.1.3 Avon Longitudinal Study of Parents and Children  
3.5.1.3.1 Study overview 
The ALSPAC
61 72 138-142
 is a longitudinal birth cohort study which recruited more than 14,000 
pregnant women from Bristol base health districts with estimated delivery dates between 
April 1991 and December 1992. These women, the children arising from the pregnancy and 
the women’s partners have been followed up since. Detailed data have been collected via 
questionnaires from pregnancy onwards, and from the age of seven, all children were invited 
to attend regular research clinics. The overall aim of the ALSPAC was to determine which 
biological, environmental, social, psychological, and psychosocial factors are associated with 
the survival and optimal health and development of the foetus, infant and child, and the ways 
in which causal relationships might vary with the genetic composition of the mother and/or 
child. The ALSPAC has collected accelerometer-determined measurements of PA at the age 
11 and 15 year sweeps in order to measure the levels and patterns of children’s activity. The 
ALSPAC has also conducted a sub-study that collected repeated accelerometer measurements 
in children for a full calendar year to assess the seasonal and intra-individual variation in PA.  
 
3.5.1.3.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph 7164 for seven days; a 60 second epoch was 
selected. Children received their accelerometer at a clinic visit and were asked to return their 
accelerometer by post after the monitoring period using a pre-paid envelope.  Children were 
asked to complete a timesheet throughout the monitoring period, and those who returned their 
accelerometer received a certificate and a graph summarising their activity levels for one day 
that they wore their monitor. The accelerometer data collection protocol for the seasonal sub-
study was identical to the main study, except children were asked to wear their accelerometer 
  
 70 
for seven days in each season during the course of a year. Children were sent their 
accelerometers for the seasonal measurements.  
 
The ALSPAC used children with at least three days of data lasting at least 600 minutes per 
day in analyses, and determined non-wear time as at least ten minutes of consecutive zero 





3.5.1.3.3 Study recruitment and consent 
At the age 11 and 15 year clinics all children participating in the ALSPAC were asked to take 
part in wearing an accelerometer. A high study consent rate (93%) was achieved at the age 11 
sweep.  Children who came to the age 11 ALSPAC clinic were also asked whether they 
would be willing to take part in one of three unspecified sub-studies. Of those who were 
willing to take part (n=1,393) and had successfully worn their accelerometer on the first 




 investigated the power of the main ALSPAC study after data collection. 
They tested the power to detect a difference of 0.07 SD (p<0.05) in cpm between any two 
groups using various combinations of minimum wear days and day lengths. The selected 
wear time threshold (at least three days lasting at least 600 minutes per day) gave reasonable 
reliability (0.7) and a power of at least 90%. 
 
3.5.1.3.4 Reliable accelerometer data acquisition 
At the age 11 sweep, the ALSPAC obtained reliable data (≥ 3 days, ≥ 600 minutes per day) 
from 85% of consenting children (n=5,595).   The sample included approximately equal 
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numbers of boys (n=2,662) and girls (n=2,933). Sample characteristics of children who 
returned reliable data in the age 11 year sweep of the ALSPAC are summarised in Table 6. 
 
Table 6: Avon Longitudinal Study of Parents and Children subject characteristics across 
gender for children returning reliable data [median (IQR)] 
 All Boys Girls p- value 
n 5595 2662 2933 NS 


































In the seasonal ALSPAC study, 90%, 86%, 81%, and 78% of consenting children provided 
reliable accelerometer data in the first, second, third, and fourth seasons respectively. 
Reliable data in all four seasons was obtained from 70% (n=315) of consenting children.  
 
3.5.1.4 Children’s Health and Activity Monitoring Programme in Schools  
3.5.1.4.1 Study overview 
The CHAMPS UK
123
 is the school-based component of a research project exploring the 
ecological determinants of PA and health in communities and schools within deprived inner-
city areas of Stoke-on-Trent in the UK. The overall aim of the CHAMPS UK was to inform 
the design and implementation of a multi-component ‘whole school’ approach to increasing 




3.5.1.4.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph GT1M accelerometer for seven days; a 60 second 
epoch was selected. Data collection took place between November 2006 and May 2007. 
Accelerometers were distributed and returned via school visits. No incentives or reminder 
methods were stated in the study articles.  
 
The CHAMPS UK required children to have at least two weekdays and at least one weekend 
day of data to be included in weekday and weekend analyses respectively. The minimum 
daily wear time required was at least 600 minutes on week days and at least 480 minutes on 
weekend days. The authors justified the difference in daily wear time threshold due to the 
shorter mean duration of PA measurement observed on weekend days compared to 
weekdays
174
. Age-specific thresholds for each PA intensity level were derived from the EE 




3.5.1.4.3 Study recruitment and consent 
The CHAMPS UK used a representative sample of nine primary schools and two secondary 
schools located in Stoke on Trent, UK. Computerised randomisation was used to select pupils 
from the register of each school in order to obtain a representative random sample of children 
living in Stoke on Trent. Consent was obtained from 610 out of 913 invited children (67%).   
 
The CHAMPS UK study based their sample calculation on the power to detect differences of 
55 cpm, assuming an effect size of 0.35 and using a within cluster (school) population of 35 
(for logistical reasons related to delivery and evaluation), an intraclass correlation coefficient 
(ICC) of 0.027 (which they estimated from pilot data from ten schools), a type I error 
probability of 0.05, and a power of 0.8, which calculated that a total of 16 clusters (8 
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intervention and eight control) would be required
123
. The authors reported that a difference of 
55 cpm would be biologically meaningful for a ten year old as this would equate to 




3.5.1.4.4 Reliable accelerometer data acquisition 
The CHAMPS UK study obtained reliable weekday data (≥ 2 days, ≥ 600 minutes per day) 
from 83% of consenting children, and reliable weekend data (≥ 1 day, ≥ 480 minutes per day) 
from 66% of consenting children.  The mean (SD) age of the sample was 10.4 (±3.7) years, 
and the sample consisted of equal proportions of girls and boys.  
 
3.5.1.5 Child Heart and Health Study  
3.5.1.5.1 Study overview 
The CHASE
64
 study is a large scale study of primary school children from London, 
Birmingham, and Leicester in the UK which was designed to investigate the health of white, 
European, South Asian, and Black African Caribbean children. 
 
3.5.1.5.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph GT1M accelerometer for seven days between 
January 2006 and February 2007; a five second epoch was selected. Parents and children 
were invited to a communal building to have a range of physical measurements taken and to 
also receive their accelerometer. They were also asked to return to this building after the 
monitoring period to return their accelerometer. No incentives or reminder methods were 




The CHASE required children to have at least one day of data lasting at least 600 minutes to 
be included in analyses. Non-wear time was defined as at least 20 minutes of consecutive 
zero counts. The first and last days of data were removed from data analyses. Study articles 
do not state if, and if so, how they identified EHCV. The CHASE defined SB as less than 
100 cpm, LPA as 100 to 1,999 cpm, MPA as 2,000 to 3,999 cpm, and VPA as greater than or 
equal to 4,000 cpm. 
 
3.5.1.5.3 Study recruitment and consent 
The school sampling frame included all state primary schools in London, Birmingham, and 
Leicester with 15 to 50% of pupils being of White European origin. The study included two 
separate random samples, each of 100 schools; one sample included schools with a high 
prevalence (30 to 80%) of South Asian pupils, and the second included schools with a high 
prevalence (30 to 80%) of African-Caribbean pupils. Depending on the size of the school, 
one or two classes of year five pupils were invited to participate. The study achieved a 62% 
consent rate (n=2,144).  
 
3.5.1.5.4 Reliable accelerometer data acquisition 
The CHASE obtained reliable data (≥ 1 day, ≥ 600 minutes per day) from 97% of consenting 
children (n=2,071).   The high proportion of reliable data acquisition is likely to be due to the 
low wear time threshold used by the study. The study sample was 27.1% white, 23.9% South 
Asian, 29.3% Black-African Caribbean, and 19.7% of children were from other ethnic 




3.5.1.6 European Youth Heart Study 
3.5.1.6.1 Study overview  
The EYHS
156-159
 is an international cohort study investigating the personal, environmental, 
and lifestyle factors that influence cardiovascular disease risk factors in children. Six 
countries (Denmark, Norway, Estonia, Portugal, Iceland and Spain) currently participate. 
 
3.5.1.6.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph 7164 accelerometer for four days (including both 
weekend days); a 60 second epoch was selected. Accelerometers were distributed and 
returned via school visits.  No incentives or reminder methods were reported in any study 
articles. The date of data collection was not stated. 
 
The EYHS used a wear time threshold of at least three days lasting at least 600 minutes per 
day to determine which children were included in analyses. Non-wear was defined as ten or 
more minutes of consecutive zero counts. Study articles do not state if, and if so, how they 




3.5.1.6.3 Study recruitment and consent 
Subjects were recruited from a minimum of 20 schools from local authority lists in Odense 
(Denmark), Madeira (Portugal), Tartu (Estonia), and Oslo (Norway). Children from these 
schools were randomly selected using a two stage cluster sampling method. The primary 
sampling unit was the schools and the secondary units were the school registers. 
 
The EYHS based their sample size calculation on the comparison of two independent groups 
of equal size using a two-tailed test (1-β=0.80; two-tailed α=0.05). At each study location 200 
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children within each of the four age and gender groups (total n=800 per country) gave an 
acceptable level of power for the projected analyses. A total of 200 children gave the EYHS 
the ability to detect subgroup differences of 50 cpm using a two-tailed test. As cluster 
(school) sampling was used, a design effect of 1.25 was incorporated, giving a final target 
sample of 250 children per age and gender group in each of the four countries. However, their 
sample size calculation did not take into account losses to follow up due to non-consent or 
missing data from non-return of reliable accelerometer data. Although over 4,000 children 
were invited to participate in the EYHS, only 70% consented, of whom 75% returned reliable 
accelerometer data: the final sample size was 2,185, almost half that specified in the sample 
size calculation.  
  
3.5.1.6.4 Reliable accelerometer data acquisition 
A total of 2,185 (75%) consenting children provided reliable accelerometer data (≥ 3 days, ≥ 
600 minutes per day). The mean (SD) age of participants was 9.7 (±0.4) and 15.4 (±0.5) years 
for boys, and 9.6 (±0.4) and 15.4 (±0.6) years for girls. 
 
3.5.1.7 Family Lifestyle, Activity, Movement and Eating Study  
3.5.1.7.1  Study overview 
The FLAME study
113
 is a longitudinal birth cohort study in New Zealand that followed 240 
families with three year old children over a four year period until their children turned seven 
to determine the lifestyle factors associated with childhood obesity.  
 
3.5.1.7.2  Accelerometer data collection and processing 
Children were asked to wear the Mini Mitter Actical accelerometer for five days. Participants 
were measured annually at three, four, and five years between 2004 and 2007.  The sampling 
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epoch used was not reported in any articles. Children received their accelerometer at a clinic 
visit and were asked to return their accelerometer at the clinic after the monitoring period. No 
incentives or reminder methods were reported in any study articles, although parents were 
asked to complete a PAQ regarding their child’s PA and SB.  
 
The FLAME study used children with at least three days of accelerometer data in analyses. 
Daily wear time was based on parental reports of the time the children put on, and took off 
their monitors. Study articles did not state the methods used to identify periods of non-wear 
or EHCV. MVPA was determined using the 0.04 kcal/kg/minute threshold provided by 
Actical which corresponds to the moderate cut off (20 ml/kg/minute or 715 counts/15 




3.5.1.7.3 Study recruitment and consent 
The FLAME study recruited children born in Dunedin, New Zealand, at the Queen Mary Unit 
between 19
th
 July 2001 and 14
th
 July 2002 just before their third birthday. A total of 413 
children were eligible for the study, of which consent was obtained from 244 (59%).  
 
3.5.1.7.4 Reliable accelerometer data acquisition 
The FLAME study obtained reliable data (≥ 3 days) from 85% (n=208) of children at three 
years, 76% (n=180) of children at four years, and 83% (n=186) of children at five years. The 
retention of participants was high, with 97% of the original sample participating at four years 
and 92% of children participating at five years. The sample consisted of 319 (56%) boys and 
255 (44%) girls. A high proportion of the sample were white (87%), 10.8% were Maori, and 




3.5.1.8 Iowa Bone Development Study 
3.5.1.8.1 Study overview 
The Iowa Bone Development Study
17 124-128
 is a longitudinal study in the USA that 
investigates the association of dietary, genetic, and PA factors with bone growth. 
 
3.5.1.8.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph 7164 accelerometer for four days (including one 
weekend day) between September 1995 and November 1995; a 60 second epoch was 
selected. Children received their accelerometer in the post after their parents gave consent at 
a clinic visit. Accelerometers were also returned by USA mail. Parents were instructed to 
complete a short data recording sheet stating the time the accelerometer was put on and taken 
off.  
 
The study used children with at least two days of data lasting at least 480 minutes per day in 
analyses. Study articles did not state the methods used to identify periods of non-wear time 
and EHCV. The study investigated the amount of daily time children spend in VPA (defined 





3.5.1.8.3 Study recruitment and consent 
Participants of the Iowa Bone Development study were already participants of the Iowa 
Fluoride Study, a longitudinal study of fluoride intake and dental fluorosis. Participants in 
this study were recruited from eight Iowa hospitals between 1992 and 1995. A total of 368 
children participated in the accelerometer study. The mean (SD) age of participants was 5.10 
(±0.39) years for boys, and 5.26 (±0.39) years for girls.  
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3.5.1.8.4 Reliable accelerometer data acquisition 
The Iowa bone Development Study obtained reliable accelerometer data (≥ 2 days, ≥ 480 
minutes per day) from 87% of participating children.  
 
3.5.1.9 Child, Parent and Health: Lifestyle and Genetic Constitution  
3.5.1.9.1 Study overview 
The KOALA
160
 is a cross-sectional birth cohort study in the Netherlands. The main aim of 
the study was to identify factors that influence the clinical expression of atopic disease and 
overweight.   
 
3.5.1.9.2 Accelerometer data collection and processing 
Children were asked to wear ActiGraph 7164 accelerometer for five days; a 15 second epoch 
was selected. Parents and children were invited to a communal building to have a range of 
physical measurements taken and to receive their accelerometer. They were also asked to 
return to this building after the monitoring period to return their accelerometer. No incentives 
or reminder methods were reported in any study articles. The date of data collection was also 
not stated. 
 
The study used children with at least three week days and at least one weekend day of data 
lasting at least 600 minutes per day in analyses. Study articles did not state the methods used 
to determined non-wear time or EHCV. The KOALA study defined SB as less than 363 
counts/15 seconds, LPA as 364 to 811 counts/15 seconds, MPA as 812 to 1,234 counts/15 






3.5.1.9.3 Study recruitment and consent 
The study consisted of two recruitment groups, women with ‘alternative’ and ‘conventional’ 
lifestyles. Healthy pregnant women with conventional lifestyles were recruited from an on-
going study on pregnancy related pelvic girdle pain. In total, 2,359 pregnant women were 
included. The selection procedure of the 929 children who were invited to participate in the 
KOALA accelerometer study was not reported. Consent was obtained for 363 (39%) 
children.  
 
3.5.1.9.4 Reliable accelerometer data acquisition 
The KOALA study obtained reliable data (≥ 4 days, ≥ 600 minutes per day) from 84% of 
consenting children. The mean age of the sample was 4.9 years, and the sample consisted of 
equal amounts of boys and girls. 
 
3.5.1.10 National Institute of Child Health and Human Development Study of Early Child 
Care and Youth Development  
3.5.1.10.1 Study overview 
The NICHD study
129
 is a longitudinal birth cohort study of children from ten geographic 
locations in the USA. The overall aim of the NICHD Study was to investigate how 
differences in child care experiences relate to children’s social, emotional, intellectual, and 
language development, and also to their physical growth and health.   
 
3.5.1.10.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph accelerometer (CSA model) for seven days; a 60 
second epoch was selected. Research staff distributed accelerometers at subjects’ homes: the 
return method was not stated. No incentives or reminder methods were reported in any study 
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articles. Data was collected in 2000, 2002, 2003 and 2007 when the children were aged 9, 11, 
12, and 15 years respectively.  
 
The study used children with at least three days of accelerometer data in analyses. Nader et 
al
129
 determined wear time independently for each child based on the first non-zero count 
after 05:00 until one of the following criteria was met: 60 consecutive zero counts after 
21:00, 30 consecutive zero counts after 22:00, or the last non-zero count before midnight. 
Study articles did not state the methods used to identify non-wear time or EHCV. The 




3.5.1.10.3 Study recruitment and consent 
Study participants were recruited in 1991 from designated community hospitals at ten 
university based data collection sites across the USA. Consent rate was 80% at the age 9 year 
sweep, 82% at 11 years, 71% at 12 years, and 69% at 15 years. Nader et al
129
 provided a 
detailed flow chart reporting how many children consented, how many children dropped out 
subsequent to consenting, and how many children provided reliable data.  
 
3.5.1.10.4 Reliable accelerometer data acquisition 
The NICHD study obtained reliable data (≥ 3 days) from 95% of consenting 9 year olds, 96% 
of consenting 11 year olds, 93% of consenting 12 year olds, and 87% of consenting 15 years 
olds. A total of 1,032 children provided reliable accelerometer for at least one of the four 
sweeps (9, 11, 12, and 15 years). The sample consisted of almost equal proportions of boys 




3.5.1.11 National Health and Nutrition Survey  
3.5.1.11.1 Study overview 
The NHANES
130
 is a longitudinal study designed to assess the health and nutritional status of 
adults and children living in the USA. Accelerometer data was first collected in the NHANES 
during 2003 to 2004. The NHANES were the first study to provide objective measures of PA 
for the USA population.  
 
3.5.1.11.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph 7164 accelerometer for seven days using during 
2003 to 2004; a 60 second epoch was selected. The NHANES distributed accelerometers at 
local mobile examination centres and asked subjects to return them by post. No incentives or 
reminder methods were reported in the study articles. 
 
The NHANES used children with at least four days of data lasting at least 600 minutes per 
day in analyses. They defined non-wear time as at least 60 minutes of consecutive zero 
counts, with an allowance for one to two minutes of activity counts between 0 and 100.  
Study articles do not state if, and if so, how they identified EHCV. Age-specific PA intensity 




3.5.1.11.3 Study recruitment and consent  
The NHANES sample was selected to represent the USA population of all ages, with over 
sampling of those who were 60 years and older, African American, or Hispanic. The 
NHANES population was selected with a complex, multistage probability sampling design. 




3.5.1.11.4 Reliable accelerometer data acquisition 
The NHANES obtained reliable data (≥ 4 days, ≥ 600 minutes per day) from 70.9% (n=309) 
and 69.3% (n=288) of 6 to 11 year old boys and girls respectively, and from 62.1% (n=570) 
and 62.0% (n=611) of 12 to 19 year old boys and girls respectively.   
 
3.5.1.12 Personal and Environmental Associations with Children’s Health  
3.5.1.12.1 Study overview 
The PEACH project
62 145-148
 is a longitudinal study designed to investigate the environmental 
and personal determinants of PA, eating behaviours, and obesity in UK children as they 
transition from the final year of primary school (aged 10 to 11 years) to the first year of 
secondary school (aged 11 to 12 years).  
 
3.5.1.12.2 Accelerometer data collection and reduction 
Children were asked to wear the ActiGraph GT1M accelerometer for seven consecutive days 
between September 2006 and July 2008; a ten second epoch was selected. Children received 
and returned their accelerometer at school, and all children that successfully returned their 
accelerometer received a certificate and small toy. 
 
The PEACH study used the MAHUffe software (http://www.mrc-
epid.cam.ac.uk/Research/PA/Downloads.html) to process their accelerometer data. The 
articles don’t state the minimum number of wear days required by each child to be included 
in analyses, but at least 480 minutes per day on weekdays were required. Non-wear time was 
defined as at least ten minutes of consecutive zero counts.  Study articles do not state if, and 




3.5.1.12.3 Study recruitment and consent 
Subjects were recruited from 23 schools in Bristol, UK.  These primary schools were selected 
as they had the highest transition rates (>40%) to one of eight urban state funded secondary 
schools selected on the basis of the Index of Multiple Deprivation and geographic location to 
represent Bristol. If a school agreed to participate, all year six children were invited to take 
part in the study. Consent was obtained from 1,340 out of 1,899 invited children (71%).  
 
3.5.1.12.4 Reliable accelerometer data acquisition 
The PEACH study obtained reliable weekday (≥ 1 days, ≥ 480 minutes per day) data from 
92% (n=1,229) of consenting children, and reliable weekend (definition not stated) data from 
70% (n=911) of consenting children.  The mean (SD) age of the accelerometer sample was 
10.95 (±0.41) years.  
 
3.5.1.13 Physical Exercise and Appetite in Children Study  
3.5.1.13.1 Study overview  
The PEACHES
149 150
 is a longitudinal study in London, UK investigating the associations 
between eating behaviours, PA, and weight gain during childhood.  
 
3.5.1.13.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph GT1M accelerometer for five consecutive days 
(including two weekend days); a 60 second epoch was selected. Accelerometers were 
distributed and returned via school visits. Children who wore their accelerometer every day 
were given a ticket for a prize draw to win a £25 gift voucher, and girls and boys competed 
against each other to win a £5 gift for the gender team with the highest amount of reliable 
accelerometer data.  
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The PEACHES used the MAHUffe software (http://www.mrc-
epid.cam.ac.uk/Research/PA/Downloads.html) to process their accelerometer data. The study 
used children with at least three days (including at least one weekend day) of data lasting at 
least 600 minutes per day in analyses. Non-wear time was defined as at least ten minutes of 
consecutive zero counts.  Study articles do not state if, and if so, how they identified EHCV. 
The PEACHES defined SB as less than 100 cpm, LPA as 100 to 1,999 cpm, MPA as 2,000 to 
3,999 cpm, VPA as 4,000 to 6,999 cpm, and very VPA as greater than 7,000 cpm. 
 
3.5.1.13.3 Study recruitment and consent 
Subjects were recruited from five schools in London, UK.  Information on how and why 
these schools were chosen was not reported. Invitations were sent to parents of all children in 
years three and four in all five schools. A total of 345 (65%) children took part in the activity 
monitoring.  
 
3.5.1.13.4 Reliable accelerometer data acquisition 
The PEACHES obtained reliable data (≥ 3 days, ≥ 600 minutes per day) from 88% of 
consenting children (n=301). The mean (SD) age of the sample was 8.6 (±0.4) years, and the 
sample included 155 boys and 146 girls. The sample consisted of 46% white children, and 
54% non-white children. 
 
3.5.1.14 The Eating and Activity Survey Trial  
3.5.1.14.1 Study overview 
Project EAST
132
 aimed to develop reliable and valid nutrition and PA assessment 
questionnaires for use in children. The questionnaires included six questions on PA that asked 
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about weekly PA over the past year and distinguished between the school year and summer 
holidays. Accelerometers were used to validate the questionnaire.  
 
3.5.1.14.2 Accelerometer data collection and processing 
Children were asked to wear the ActiGraph 7164 accelerometer for seven consecutive days 
between January 2001 and May 2001; a 60 second epoch was selected. Distribution and 
return of accelerometers was achieved via home visits.  Children who completed all study 
measurements (two questionnaires at two time periods, accelerometer measurements, height 
and weight measurement, and three 24 hour dietary recall questionnaires) were given a $50 
gift card from a local shopping centre. Children were also given a cinema pass if they 
returned their accelerometer on time. Research staff visited the school twice to remind 
children to wear the accelerometers at all times and return them one week later.  
 
Project EAST assessed compliance in wearing the accelerometer according to varying 
numbers of wear days so a wear time threshold was not needed. Non-wear was defined as 
180 minutes or more of consecutive zero counts in a single day between 08:00 to 21:00 on 
weekdays, and between 12:00 to 21:00 on weekend days. 
 
3.5.1.14.3 Study recruitment and consent  
Subjects were recruited from one urban middle school (grades six to eight) in Minneapolis, 
USA. The school was selected due to its ethnic diversity (the population was 48% White 
Non-Hispanic, 3% Native American, 5% Asian, 40% Black Non-Hispanic, and 4% Hispanic) 
and previous history of successfully conducting research. The research staff visited 28 (out of 
35) classes to invite all children to participate; seven classes chose not to participate. Consent 
was obtained from 316 (52.9%) students.  
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3.5.1.14.4 Reliable accelerometer data acquisition 
Project EAST obtained seven days of reliable data from 50% of consenting children (n=128). 
Reliable data acquisition was low due to the stringent wear time threshold; however, only 
13.7% of consenting children did not wear their accelerometer for at least four days.  The age 
range of the sample was 11 to 14 years. 
 
3.5.1.15 Sport, PA and Eating Behaviour: Environmental Determinants in Young People  
3.5.1.15.1 Study overview 
The SPEEDY study
151 152
 is a large population based study that was established to investigate 
the factors associated with PA levels and dietary behaviour.  
 
3.5.1.15.2 Accelerometer data collection and reduction 
Children were asked to wear the ActiGraph GT1M accelerometer for seven consecutive days; 
a five second epoch was selected. Data collection took place between April 2007 and July 
2007. Children received their accelerometer at school and returned it after the monitoring 
period to research staff returning to the school. Children were asked to complete a timesheet 
throughout their monitoring period and parents received a reminder letter two days before 
they were due to return their accelerometer. 
 
The SPEEDY study used the MAHUffe software (http://www.mrc-
epid.cam.ac.uk/Research/PA/Downloads.html) to process their accelerometer data. The study 
used children with at least three days of data lasting at least 500 minutes per day in analyses. 
The first day of data was removed from all files and non-wear time was defined as an interval 
of at least ten minutes of consecutive zero counts.  Study articles do not state if, and if so, 





3.5.1.15.3 Study recruitment and consent 
Schools in Norfolk, South East England were sampled purposively to achieve heterogeneity 
in location. If the school agreed to participate all year five children were invited to participate 
in the study. An average of 168 children was recruited into the study each week with an aim 
of recruiting 2,000 children over a 12 week period. A total of 101 out of 157 (64%) schools 
agreed to participate in the study. Of the 3,619 students invited to participate, consent was 
obtained from 2,064 (52.9%). Van Sluijs et al
152
 provided a detailed flow chart documenting 
the recruitment of schools and children into the SPEEDY study.  
 
3.5.1.15.4 Reliable accelerometer data acquisition 
The SPEEDY study obtained reliable data (≥ 3 days, ≥ 500 minutes per day) from 91% of 
consenting children. The mean age of the sample was 10.3 (±0.3) years, and the sample 
consisted of 926 (44.9%) boys and 253 (55.1%) girls.  
 
3.5.1.16 Trial of Activity for Adolescent Girls  
3.5.1.16.1 Study overview 
The TAAG
133-137
 was a multicentre randomised trial designed to test an intervention to reduce 
the age related decline in MVPA in middle school girls living in the USA. A two year 
intervention was implemented between autumn and spring 2005 which targeted schools, 
community agencies, and girls to increase opportunities, support, and incentives for PA 
participation.  
 
3.5.1.16.2 Accelerometer data collection and reduction 
Children were asked to wear the ActiGraph 7164 accelerometer for seven consecutive days; a 
30 second epoch was selected. Accelerometer data collection took place in spring 2003, 
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spring 2005, and spring 2006. Children received their accelerometer at school and returned it 
after the monitoring period to research staff returning to the school. No incentives or 
reminder methods were reported in the study articles.  
 
Accelerometers were initialised to start collecting data at 05:00 on the day after they were 
distributed; thus, data for six complete days were available for analyses. The TAAG study 
replaced missing accelerometer data within a girls six day record via imputation. Girls were 
included in analyses if they had at least one full day of data lasting at least 360 minutes. Non-
wear time was defined as at least 20 minutes of consecutive zero counts.  Study articles do 
not state if, and if so, how they identified EHCV. TAAG defined MVPA as greater than 
1,500 counts/30 seconds, which represented approximately 4.6 METs, which separates slow 
(<4.6 METs) and brisk (≥ 4.6 METs) walking177. 
 
3.5.1.16.3 Study recruitment and consent 
Public middle schools from six geographically diverse areas of the USA (Arizona, California, 
Louisiana, Maryland, Minnesota and South Carolina) were eligible to participate. TAAG 
schools represented the demographic and socioeconomic make up of their school districts, 
with preference given to schools with greater ethnic and socioeconomic diversity. A total of 
68 schools were invited to participate, of which, 41 agreed, and the 36 most conveniently 
accessed from the university based research centres were selected. All 36 schools participated 
in the grade six measurements during spring 2003 and in the grade eight measurements 
during spring 2005.  However, only 34 schools participated in the grade eight measurements 
in spring 2006. During spring 2003, 60 girls per school were randomly chosen: consent was 
obtained from 1,721 out of 2,160 (79.7%) eligible girls. During spring 2005, 3,504 out of 
4,123 (85.0%) eligible girls consented to participate in the study, and in spring 2006, 3,502 
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out of 3,915 (89.5%) girls consented. Sample size calculations were detailed for the TAAG 
study. In contrast to the EYHS
158
, they allowed for a 15% drop out in their sample size 
calculations.  
 
3.5.1.16.4 Reliable accelerometer data acquisition 
The TAAG study obtained a high (spring 2003: 93.1%; spring 2005: 88.0%; and spring 2006: 
88.0%) proportion of reliable data from consenting children. This is likely due to the low 
wear time threshold of at least one day lasting at least six hours per day. 
 
Participants were 11 to 12 years old in spring 2003, and 13 to 14 years old in spring 2005 and 
spring 2006. The spring 2003 sample were 46.1% white, 23.5% African-American, 12.3% 
Hispanic, and 18.0% of children were from other ethnicities.  The spring 2005 sample were 
45.0% white, 22.0% African-American, 21.1% Hispanic, and 11.9% of children were from 
other ethnicities. The spring 2006 sample were 46.4% white, 17.6% African-American, 
22.6% Hispanic, and 13.4% of children were from other ethnicities.  
 
3.5.1.17 Key points 
 Relatively few large scale accelerometer studies in children have been conducted 
worldwide (n=23 between 1995 and 2009); sample sizes ranged from 255 to 5,595 
and nearly all included boys and girls. 
 The ActiGraph is the most commonly used accelerometer, and a 60 second epoch was 
most commonly selected. Studies are therefore using reliable and validated tools but 
may not capture the sporadic nature of children’s PA. 
 Accelerometers were most often distributed and returned through school visits which 
may be the most feasible method in children. 
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 Studies most often asked children to wear their accelerometer for seven days in order 
to measure all days of the week. 
 65% of studies reported the methods used to identify periods of non-wear and these 
ranged from 10 to 180 minutes of consecutive zeros. 
 91% of studies reported the minimum number of wear days required from each child 
to be included in data analyses, and even fewer reported the minimum daily wear 
time. At least three wear days and at least 600 minutes per day were the most 
common requirement.   
 Study consent rate ranged from 27% to 100%. Reliable accelerometer data acquisition 
ranged from 50% to 100% and was highly dependent on the wear time threshold 














3.5.2 Objective 2: Predictors of consent and reliable data acquisition 
3.5.2.1  Overview of articles 
Fourteen articles
17 64 123 130 132 138 145 149 152 160 178-181
 (Table 7) were identified that investigated 
predictors of consent and/or reliable accelerometer data acquisition in children’s PA studies 







 investigated differences between consenting and non-consenting children, and 
11 articles
17 64 123 130 132 138 145 149 180 181
 
152
 investigated differences between children who did, 
and did not, return reliable accelerometer data. Eight articles
123 132 138 145 160 178-180
 also 
reported the reasons for data loss that were due to factors such as monitor malfunction and 
battery failure.  Six articles included studies from the UK
64 123 138 145 149 152
, six from the 
USA
17 130 132 179-181
, one from Canada
178
 and one from the Netherlands
160
. Only one article 
included a quasi-experimental study
181
 and the remainder were cross-sectional. In only two 
articles
17 149








Table 7: Table summarising papers (n=14) investigating the factors associated with study consent and/or reliable accelerometer data acquisition 
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No differences in age, 
deprivation, BMI & 
pubertal status 
(p>0.05); 
Data receipt less likely 
(p=0.011) from those 
with higher area 
independent mobility  
Weekends:  
No difference in age, 
IMD, BMI, pubertal 
status (p>0.05); 
Data receipt less likely 
from children with 
higher local 
independent  mobility 
(p=0.003), area 
independent mobility 
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NS No gender differences 
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NS NS  Total sample: 
No gender or ethnic 
differences (p>0.05); 
younger more likely 
than older to provide 
data (p=0.0007);   
no differences in PA 
(cpm: p=0.69; or 
activity intensities 
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NS NS Data receipt lower for 
adolescents than 
children (61.1% vs. 
70.1%; p=NS) & 
lower for females 
compared to males (6-
11y: 69.3% vs.70.9%; 
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school grade 



















5 sec epoch; 













Girls less likely than 
boys to provide data 
(p<0.05); 
No differences in 
BMI, overweight 
status or parental 
education (p>0.05) 
Abbreviations: n=sample size; m=males; f=females; y=years; aut=autumn; NS=not specified; Jan=January; Feb=February; Mar=March; Apr=April; Jun=June; Jul=July; 
Sep=September; Nov=November; d=days; min=minutes; sec=seconds; cpm=counts per minute; SB=sedentary behaviour; w/d=weekday; w/e=weekend; PA=physical 
activity; IMD=index of multiple deprivation
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3.5.2.2 Analytical aim 








 was to understand the feasibility of using 
accelerometers in large scale studies of childhood PA. Data for all other articles were 
collected for another purpose, and the article evaluated differences between consenters and 
non-consenters, and/or between children who did and did not return reliable data, in addition 
to the primary statistical analysis. For example, Eijkemans et al
160
 evaluated whether 
wheezing in the first two years of life resulted in lower PA levels at age five years.  However, 
to confirm that there was no bias in their findings, they investigated differences between 
children who did and did not return reliable data. Janz et al
17
 evaluated the associations 
between PA and measures of bone mineral content, density, and total area in children 
participating in the Iowa Bone Development Study. They also reported gender differences 
between children who did and did not reliable data. The primary aim of Purslow et al’s149 
article was to evaluate associations between SB, PA, and weight in pre-adolescent children 
participating in the PEACHES study. They also investigated differences in gender, body mass 
index (BMI), SES, ethnicity and PA between children who did and did not return reliable 
accelerometer data. 
 
3.5.2.3 Recruitment and sampling procedures 
All of the included articles (n=14
17 64 123 130 132 138 141 145 149 160 178-181
) reported how their study 
participants were recruited. Sampling procedures were reported in only six studies
64 123 132 138 
145 181
. The majority of articles (n=10
17 64 123 130 132 138 141 145 149 160
) analysed data from subjects 
recruited to take part in large scale studies (detailed in section 3.5.1), and eight studies
64 123 141 
145 149 178 180 181




3.5.2.4 Sample size calculations 
Sample size calculations were reported in two articles
123 138
. Both of these articles included 
subjects recruited to take part in large scale studies (section 3.5.1). 
 
3.5.2.5 Accelerometer measurement protocol 
Accelerometer model 
The ActiGraph accelerometer was used in twelve studies (five using the 7164 model
17 130 132 
138 181
 and seven using the GT1M model
64 123 145 149 152 160 180
), one used the Caltrac
179
 and the 
remaining article the Tritac R3D
178
 accelerometer.  
 
Epoch 










130 132 138 149 181
 seconds.  Seven studies
64 123 145 149 152 160 180
 used the ActiGraph GT1M so they 
were able to select a shorter epoch sampling period whilst still being able to measure for a 
sufficient number of days.  
 
Accelerometer wear protocol 
Subjects were asked to wear their accelerometer for between four
17
 and seven days
64 123 130 132 
138 145 152 178 180 181
, with most (n=10; 71%) articles requiring seven days wear.  
 
Accelerometer data processing 
Eleven articles reported the criteria used to determine whether the accelerometer was worn 








138 149 180 181
 minutes per day were used to determine the minimum daily wear time. Gidlow et 
al
123
 required at least 600 minutes on weekdays and at least 480 minutes on weekend days. 
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123 138 149 152
, four
17 130 160 180 181
 or seven
132
 days. At least four days of 
accelerometer data was the most common (n=5
17 130 160 180 181
; 45%) number of wear days 
required. 
 
3.5.2.6 Predictor variables 
A wide range of predictors variables were used to investigate differences between consenting 
and non-consenting children, and between children that did and did not return reliable data. 
The most common factors investigated were gender (n=10
17 123 130 132 138 149 152 160 180 181
), age 
(n=7
123 130 138 145 149 180 181
) and BMI (n=6
123 132 138 145 149 152
). Other common variables 
investigated were: ethnicity, height, weight, birth weight, parental education, and SES. Two 
articles
26 179
 did not investigate predictors of consent or reliable data acquisition but reported 
the reasons for accelerometer data loss. 
 
3.5.2.7 Sample characteristics 




. The majority of studies (n=7
64 123 138 145 149 
152 178
) included children (6 to 12 years).  Only two
17 160
 included samples of preschool 
children (two to five years), two
180 181





included children and adolescents (6 to18 years), and two included preschool children and 




. All studies included boys and girls.  
 
Child ethnicity was reported in only nine
17 64 123 130 132 149 152 180 181
(50%) articles, and in these 




). Studies were more likely to 
report a measure of weight status than ethnicity, with eight studies
17 123 130 132 138 145 149 152
 
reporting the weight or BMI of their study sample.  
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3.5.2.8 Statistical methods 
The statistical test(s) used to investigate differences in predictor variables between groups 
was reported in nine
17 123 130 132 138 152 160 180 181
out of twelve (75%) articles. Articles used either 
chi-squared tests to determine differences between categorical variables, or two samples t-
tests to determine differences between continuous variables. In only three articles
17 64 160
 was 
the data reported to be tested for normality. Three articles
64 145 149
 did not report which 
statistical tests they used to determine differences between consenting and non-consenting 
children, or between children who did and did not return reliable data. 
 
3.5.2.9 Main findings  
Summary of articles 
Ten articles
64 123 130 132 138 145 149 152 160 181





.  All of the included articles stated the proportion of 





depending on the wear time threshold and the age of subjects.  The most common 
accelerometer distribution method was via school visits (n=8)




 distributed their accelerometers by visiting subjects at their home, three studies 




 or examination 
centre
130
 to receive their accelerometers, and one study
17
 posted the accelerometers to 
subjects via USA mail. All studies
64 123 145 149 152 178 180 181
 that distributed accelerometers via 
school visits collected the accelerometers at school after the monitoring period. Three 
studies
17 130 138
 required children to return their accelerometers after the monitoring period via 
postal methods. Staff collected the accelerometers back at the subject’s home in two 
studies
132 179
, and one study required children to re-visit to the community building
160
 to 
return their accelerometer. Reminder methods or incentives to encourage the return of 
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reliable accelerometer data were used in nearly all studies (n=9
64 132 138 145 149 152 178 180 181
). 
The reminder methods employed included the completion of PA timesheets, reminder calls, 
reminder letters, and staff visits to the schools throughout the monitoring period.  Studies 
offered a number of incentives to encourage children to wear and return their accelerometers 
including certificates, toy prizes, money, vouchers, and graphs showing the child’s activity 
throughout the monitoring week.   
 
The main findings of all articles included in this review to address objective two will now be 
described individually in chronological order. 
 
Curtis Ellison et al (1992) 
Curtis Ellison et al
179
 evaluated the feasibility and costs of PA monitoring during a seven day 
monitoring period in 103 children aged three to seven years using the Caltrac accelerometer.  
Researchers visited participant’s homes to distribute accelerometers, and parents returned 
them by visiting the study office or by a staff member picking the accelerometer up from the 
child’s house.  Parents were asked to keep a daily log sheet throughout the monitoring period. 
The authors reviewed a random set of 500 days to assess the reasons for unusable data.  
 
The article did not report the study consent rate, however, reliable accelerometer data (at least 
one day) was obtained from 82% of consenting children
179
. The monitor malfunctioned on 
average once every 45 days. An additional 189 days of accelerometer monitoring were lost 
due to the parent forgetting to attach the monitor to their child. Data collection took place 
between 1987 and 1989.  The Caltrac is one of the earliest manufactured accelerometers, and 
as a result, it is likely that developments in accelerometer design would mean these findings 
are not applicable to current models.  
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Crocker et al (2001) 
In a similar article, Crocker et al
178
 evaluated the feasibility of the Tritac R3D accelerometer 
over a seven day monitoring period in 79 children aged 9 to 13 years. Accelerometers were 
distributed and returned in a school setting. The article investigated reliable accelerometer 
data acquisition, and reported any accelerometer hardware or software problems.  Children 
were interviewed after the monitoring period to determine any problems encountered whilst 
wearing the accelerometer. Children received home phone calls every evening throughout the 
monitoring period, and a member of staff visited the school every morning to remind children 
to wear their accelerometers and to answer any relevant questions. 
 
Consent rate was not reported, but reliable accelerometer data (at least one day) was obtained 
from 85% of consenting children
178
. Although reliable data acquisition was high, there were 
problems reported with the accelerometers including the children forgetting to wear the 
monitor, physical discomfort, being embarrassed by the appearance of the monitors, and not 
being allowed to wear it during organised sports or water sports.  
 
Neither Curtis Ellison et al
179
 or Crocker et al
178
 evaluated differences between children who 
did and did not return reliable data despite both articles reporting a range of subject 
characteristics (e.g. gender, age, child ethnicity, parental education) that could have been 
investigated. As a result, both studies can only apply their findings to their study population 
of school aged children. However, Curtis-Ellison et al
179
 apply their findings to other 
populations, reporting that Caltrac accelerometers may be less expensive to use than other 
methods in large scale studies. This cannot be deduced from the current study as additional 
costs associated with large scale accelerometer studies were not considered. Additional costs 
include the extra staff required to charge, programme, distribute and download data from 
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accelerometers, the increased reminder methods required to ensure timely return of monitors, 
accelerometer maintenance costs, and costs associated with the purchase of data processing 
software that is essential when cleaning and analysing large volumes of accelerometer data. 
 
Janz et al (2001) 
Janz et al’s17 article included 368 children aged between four and six years participating in 
the Iowa Bone Development Study.  The authors investigated the internal validity of the 
study by looking at the representativeness of children returning reliable data compared to 






, they found no 
significant differences by gender in the number of reliable days of data provided by children 
or the number of minutes the monitor was worn each day (p>0.05).  
 
Van Coevering et al (2005) 
Van Coevering et al
132
 investigated the feasibility of using accelerometers to measure PA in 
young children participating in Project EAST, and in particular, the extent to which they 
could collect reliable accelerometer data (at least seven days wear without 180 minutes of 
consecutive zero counts between 08:00 and 21:00). The authors found no gender, ethnic, or 
school grade differences between children who did and did not return reliable accelerometer 
data (p=0.54, p=0.29 and p=0.10 respectively). However, overweight children were more 
likely to return reliable data than non-overweight children (65.6% vs. 45.7%; p=0.006).  
 
The authors concluded that wearing an accelerometer was an acceptable method to measure 
PA in middle school children as evidenced by the low numbers (n=5) of students who 
dropped out of the study because they did not want to wear the monitors. However, they 
reported that because only 50% of consenting children had complete data for all seven days, 
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reliable data acquisition may be a problem in this age group. However, they did not take into 
account their strict wear time threshold. If Project EAST
132
 used a less strict wear time 
threshold, such as at least three days of accelerometer data, 91.8% (n=234)  of consenting 
children would have returned reliable data.  They also report that their findings may lack 
generalisability to other geographic, ethnic, or socioeconomic groups as their sample were 
taken from an urban middle school in a large Midwestern city.  
 
Eijkemans et al (2008) 
Eijkemans et al
160
 investigated 305 children participating in the KOALA study. The authors 
evaluated differences in sample characteristics between children participating in the KOALA 
study and children that returned reliable data, and they found no major differences in terms of 
gender, parent obesity, birth weight, smoking during pregnancy, breast feeding, educational 




 reported that their low consent rate (39%) was a potential limitation of 
their study.  The authors felt that the low consent rate was because parents had to visit a 
communal building twice to collect and return the accelerometer. They also suggested that 
because the invitation letter was strongly focused on PA and overweight, rather than 
wheezing or asthmatic conditions it was unlikely that bias occurred as a result of a higher 
response rate from wheezing children.  
 
Gidlow et al (2008) 
Gidlow et al
123
 investigated 503 children participating in the CHAMPS UK study. The 
authors investigated differences between children who did and did not provide reliable data. 
Girls were more likely to provide reliable weekday data (63.6% vs. 36.4%; p<0.001), and 
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reliable week and weekend data combined (61.2% vs. 38.8%; p<0.01) than boys. Differences 
between all other variables (age, BMI, ethnicity and deprivation quintile) were modest and 
not significant.  
 
The CHAMPS UK study
123
 sample were predominantly white British, and almost half the 
sample lived in areas within the bottom 20% for national deprivation rankings, which is 
typical of the sampling area of Stoke on Trent. Although the gender and weight status of the 
sample were representative of national averages, Gidlow et al
123
 reported that ethnicity and 
SES were not representative of the UK, and as a result conclusions cannot be generalised to 
the national population as a whole. Study findings can only be applied to white British 
children and those of similar socioeconomic backgrounds. 
 
Mattocks et al (2008) 
The ALSPAC
138
 found gender differences between children who did (n=5,595) and did not 
provide reliable data (n=1,564). In agreement with Gidlow et al
123
, girls were more likely to 
return reliable data than boys (81% vs. 76%; p<0.001). They also found that children who 
returned reliable data were more likely to be lighter (44.9kg vs. 43.5kg; p<0.001), have lower 
BMIs (19.5 vs. 19.0; p<0.001), and be slightly younger than children who did not return 
reliable data (11.81 vs. 11.71; p<0.001). No significant differences in the child’s birth weight, 
pubertal stage, and all parental variables were found between children who did and did not 




 apply their findings to children in general despite their sample including 
children from a very close geographic region in the UK (Bristol), and finding differences 
between children who did and did not return reliable accelerometer data. However, they do 
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discuss the external validity of their study data by recognising that their large sample size 
(n=5,595) will maximise study power, and therefore, studies with smaller samples should 
take caution when applying the ALSPAC findings. 
 
Purslow et al (2008) 
Purslow et al
149
 investigated associations between PA and weight in 235 pre-adolescent 
children participating in the PEACHES. The authors investigated differences in gender, BMI, 
SES, ethnicity, and PA levels between children who did and did not return reliable 
accelerometer data. The only significant differences reported were for total PA and minutes 
of MVPA, with higher levels of these variables found in children who returned reliable data 
compared to those who did not (p=0.003 and p=0.006 respectively).  
 
 Sirard et al (2008) 
Sirard et al
180
 investigated reliable accelerometer data acquisition in 65 children aged 
between 14 and 17 years. Children received their accelerometers at school and returned their 
monitors after the seven day monitoring period to research staff visiting the school. To 
encourage accelerometer wear children received a $5 gift card for every reliable day (at least 
600 minutes per day) of accelerometer data received, in addition to $10 for the safe return of 
the accelerometer. Sirard et al
180
 did not report the study consent rate, but they obtained 
reliable data (at least four days of data) from a high proportion of children (95%). A total of 
44 children were dropped from the sample due to insufficient battery and two monitors 
malfunctioned. 
 
The authors found no gender differences between children who did and did not return reliable 
data (p=0.37), but did report that younger children (14 to 15 years) were more likely to return 
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reliable data than older children (18 to 19 years), although the p-value for differences 
between the two samples was 0.05. They also found that students receiving free or reduced 
school meals accumulated on average, one more day of complete data compared to those 




 apply their findings to their population of alternative high school students, 
stating that the generalisability of their study is limited by the small sample size drawn from 
four urban alternative high schools within one Midwestern region. 
 
Troiano et al (2008) 
Troiano et al’s130 study included 1,844 children aged between 6 and 19 years participating in 
the NHANES. The number of reliable days of data obtained were reported (as a percentage) 
according to age and gender. Although differences between groups were not statistically 
tested, older children (12 to 19 years) were less likely to return reliable data than younger 
children (6 to 11 years; 61.1% vs. 70.1%), and in contrast to Mattocks et al
138
 and Gidlow et 
al
123
, girls were less likely to return reliable data than boys (69.3% vs.70.9% in 6 to 11 year 
olds, and 62.0% vs. 62.1% in 12 to 19 year olds). Despite finding that girls and older children 
were less likely to provide reliable data, the NHANES still generalise their findings to the 
USA population. 
 
Van Sluijs et al (2008) 
Van Sluijs et al
152
 analysed accelerometer data collected from 2,064 children participating in 
the SPEEDY study.  The authors investigated differences between the whole SPEEDY cohort 
and children participating in the activity monitoring, and found that girls were more likely to 
take part in the study than boys (p<0.05). They also used independent t-tests and chi-squared 
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tests to evaluate differences between children who did and did not return reliable data, and 
they observed no differences in BMI, overweight status, or parental education (p>0.05). In 
contrast to the ALSPAC
138
 and the CHAMPS UK
123
, girls were less likely to provide reliable 
data than boys (p<0.05).  
 
Owen et al (2009) 
Owen et al
64
 investigated ethnic differences between consenting and non-consenting children, 
and between children who did and did not return reliable accelerometer data in the CHASE 
study. In agreement with Sirard et al
181
, they found no ethnic differences between consenting 
and non-consenting children (p=0.11), and stated that there was no evidence to suggest that 
there were any ethnic differences in the number of days of data achieved because an average 




Although Owen et al
64
 found no ethnic differences between consenting and non-consenting 
children they report the potential for selection bias as a result of the low consent rate (62%), 
and in particular, that this may  reflect lower participation rates among less active children, 
possibly leading to the overestimation of true levels of PA.  However, they report that 
because the demographic, ethnic, and anthropometric characteristics of children who did and 
did not provide reliable data were similar, the ethnic group comparisons described were likely 
to be valid.  
 
Page et al (2009) 
Page et al
145
 investigated differences between children who did and did not return reliable 
weekend and weekday accelerometer data in the PEACH study. The authors found no 
differences between children who did and did not return reliable weekday data in terms of 
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age, level of deprivation, BMI, pubertal status, and local independent mobility (p>0.05). 
However, children with higher area independent mobility were less likely to provide reliable 
weekday data than those with lower area independent mobility. Reliable weekend data was 
also less likely to be obtained from children with higher mean scores for local independent 
mobility, area independent mobility, and those living in less deprived neighbourhoods. 
 
Sirard et al (2009) 
Sirard et al
181
 quasi-experimental study of 87 children from the USA was conducted to 
determine the effect of hypothesized strategies on reliable accelerometer data acquisition. 
Children from four different schools were assigned to one of four groups: the control group 
(n=20) received their accelerometer along with brief verbal instructions, a one page summary 
of the instructions, and a phone call the night before they were due to return their 
accelerometer; the journal group (n=20) additionally completed a timesheet; the phone 
condition (n=21) additionally received two phone calls throughout their monitoring period; 
and, the contingent group (n=26) were additionally given $5 for each reliable day (at least 
600 minutes per day) of data recorded, in addition to receiving $10 for returning their 
monitor.  
 
The study consent rate was 35%. Reliable accelerometer data was obtained from 70% of 
consenting children in the control group, 72% of children in the phone group, 85% of 
children in the journal group, and 96% of children in the contingent group
181
. After adjusting 
for grade level, ethnicity, and school level SES, the percentage of children returning reliable 
data in the contingent group was greater than the percentage of children returning reliable 
data in all other experimental groups (p=0.04).  In agreement with Sirard et al
181
, the authors 
found that younger children were more likely to return reliable data than older children 
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(89.8% vs. 71.1%; p≤ 0.008), and in agreement with Janz et al17, they found no gender or 
ethnic differences between children who did and did not return reliable data (p>0.05).  They 
also found no significant differences in PA levels expressed as cpm (p=0.69) and the 




 apply their findings to high school students, and recommend that a contingent 
compensation strategy should be used to improve the accelerometer data acquisition in high 
school students. Importantly, they report limitations of their study that may influence the 
generalisability of their findings, and in particular, that there was a high level of economic 
deprivation among students in the contingent school group which may have provided them 
with a very strong incentive to return their accelerometer. Furthermore, they point out that 
their findings may not be generalised to other high school students as all subjects were 
recruited from one Midwestern city.   
 
3.5.2.10 Summary of findings and discussion 
Few articles
64 152 160
 have evaluated predictors of consent in children's accelerometer studies. 
Only one of these articles found gender differences between consenting and non-consenting 
children
152.   Other factors known to be associated with children’s PA such as SES, weight 
status, and geographic location have not been investigated as potential predictors of consent 
in children’s accelerometer studies13 183-185. It is possible that these factors may be associated 
with study consent which could introduce the likelihood of bias, and compromise the validity 
of the study findings.  
 
A total of 11





articles were identified which evaluated 
differences between children who did and did not return reliable accelerometer data, and 
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findings from these studies were inconsistent. Studies were most likely to determine whether 
the child’s age was associated with the likelihood of children providing reliable 
accelerometer data. Four articles
130 138 180 181
 found that younger children were more likely to 
provide reliable accelerometer data than older children, and four articles
123 132 145 149
 found no 












 or weight status
123 144 148 151 132
 
138
 predicted accelerometer data acquisition. Four 
articles
64 123 132 181
 found that there were no ethnic differences in reliable data acquisition.   
 
Only studies using accelerometers were included in the review due to the limitations 
associated with objective methods of PA measurement. All articles discuss the benefits of 
using an objective method of PA measurement compared to subjective methods. However, 
several studies
130 138 149 160 178
 also discuss the limitations associated with the use of 
accelerometers. Several studies
64 123 132 152 160
 also report that PA measurement can be affected 
by the season of measurement, and  these studies control  for season in their statistical 
analyses, or restrict accelerometer measurement to one season.  
 
Limitations across the studies included small sample sizes, non-random sampling procedures, 
and inconsistent accelerometer data processing protocols. The majority of studies comprised 
geographically clustered samples, limiting the representativeness of their findings.  Few 
studies evaluated predictors of consent, and there was also limited and conflicting evidence 
regarding the association of PA with reliable data aquisition
149 179
.   Both studies compared 
the PA levels of children who did and did not return reliable data; however, PA is not reliably 
estimated in children without reliable data. Only studies with an alternative measure of 
activity can accurately estimate PA differences in non-response and therefore no conclusions 
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can be reached on this. Few articles
132 138 178 180 181
 offered advice to encourage response in 
future accelerometer studies. 
 
Future studies evaluating the predictors of non-response need to use large geographically 
dispersed samples and a consistent standardised approach to accelerometer data processing.  
Additional research is also needed to understand the predictors of consent in large scale 
studies so that researchers are aware of specific groups of children that are unlikely to 
provide consent. Additional research is also needed in different countries and in studies using 
different accelerometer distribution and return methods.  Studies also need to reliably 
investigate whether PA predicts response in large scale accelerometer studies using a measure 
of PA that is collected for the whole study sample.  
 
3.5.2.11 Key points 
 Only three articles were identified which evaluated differences between consenting 
and non-consenting children in accelerometer studies.  
 In only one article were differences between consenting children and non-consenting 
children found:  girls were more likely to consent than boys. 
 Therefore, more studies are required to determine the factors associated with consent 
in large scale accelerometer studies in children. 
 11 articles evaluated differences between children who did and did not return reliable 
accelerometer data. 
 Findings assessing predictors of reliable accelerometer data acquisition were unclear; 
no single predictor variable was consistently associated with data acquisition. 
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 Therefore, additional studies with large geographically dispersed samples of children 
are required to confirm the factors associated with reliable data acquisition in 






















3.5.3 Objective 3: Methodological approaches to processing accelerometer data 
3.5.3.1 Overview of articles 
The minimum number of days of accelerometer data required by each child to be included in 
analyses was evaluated by 14 articles
28 46 108 113 120 123 129 134 138 158 186-189
 (Table 8). Date of 
publication ranged from 1990
189
 to 2008
123 129 138 187
. The minimum number of minutes per 
day required to characterise children’s usual daily PA was investigated in two articles138 188. 
No articles were identified that investigated non-wear time or EHCV. Seven included articles 
involved studies from the USA
28 46 120 129 134 186 189
, six from Europe (including four from the 
UK
108 123 138 188
)
158 187
, and one from New Zealand
113
. Only three articles
113 129 187
 included 
studies that were longitudinal and the remainder were cross-sectional. Eight articles
28 46 120 123 
129 138 186 187








Table 8: Table summarising articles (n=14) investigating the minimum number of days per child and/or the minimum number of minutes per day 




[Size;  gender; 





(model; days wear; 
epoch; reliable data; 

















7d wear;  
60 sec epoch; 
≥ 2d, ≥ 600min/d (w/d),   
≥ 1d , ≥ 480min/d (w/e); 
MVPA: Freedson et al173 




2d of accelerometer data needed to 
achieve a reliability of 0.8 for w/d 
PA 
Janz et al46 1994; USA n=31; 
16m, 15f; 
11.2 (2.0)y 
May-  Jun 
1992 
ActiGraph 7164; 
3d wear;  




Reproducibility coefficients(R) using cpm: 
D1 and 2 (0.49), 
D1 and 3 (0.53), 
D2 and 3 (0.32) 
>3d  accelerometer data needed to 
obtain stable PA level 
Janz et 
al186 







6d (720min wear);  
60 sec epoch; 
6d, ≥ 600 min/d; 
SB:< 25cpm, MPA:25-
499cpm, VPA:> 500cpm 
734 
(41)min  
ICC using cpm, % SB, MPA & VPA: 
1d (0.42 -0.47),  
2d (0.59-0.64),  
3d (0.69-.07),  
4d (0.75- 0.78),  
5d (0.79-0.82),  
6d (0.81-0.83) 
5d of accelerometer data needed to 











1997 & 2003 ActiGraph 7164; 
4d wear;  
60 sec  epoch; 
≥ 3 days, ≥ 600 min/d 
(Non-wear:≥ 10min zero 
counts) 
NS Reproducibility coefficients (R) using cpm: 
1997 sample (m;f):  
1d (0.45; 0.46),  
4d (0.74; 0.78) 
2003 sample (m;f): 
1d (0.36; 0.36),  
4d (0.65; 0.68) 
Secular trend where children in 
2003 exhibit less day to day 









2002- 2003 ActiGraph 7164; 
7d wear;  
60 sec epoch; 
≥ 600 min/d 
(Non-wear:≥ 10min zero 
counts) 
MVPA:> 3600 cpm 








ICC using cpm & max number of d 
available: 
600min/d (0.45),   
540 min/d (0.44),  
480 min/d (0.44),  
420 min/d (0.43) 
Days needed for ICC  values of  0.7, 0.8, 
0.9: 
600min/d=2.9, 4.9, 11.0; 
540min/d=3.0, 5.1, 11.5; 
480 min/d=3.0, 5.1, 11.5; 
420 min/d=3.1, 5.3, 11.9 
5d of accelerometer data needed to 
achieve a reliability of 0.8, 
number of days more influence on 







[Size;  gender; 





(model; days wear; 
epoch; reliable data; 












m: 11.64 (0.18)y, 
f: 11.67 (0.21)y 
NS ActiGraph 7164;  
7d wear;  
60 sec epoch; 
 ≥ 3d, ≥ 600 min/d 
(Non-wear:≥ 10min zero 
counts) 
MVPA:> 3600 cpm 
13.1 
(0.8)hr 
ICC using cpm (fully adjusted): 
3d (0.45),  
4d (0.48),  
5d (0.52),  
6 or 7d (0.56) 
ICC using min of  MVPA (fully adjusted): 
3d (0.38),  
4d (0.40),  
5d (0.44),  
6 or 7d (0.46) 
Substantial intra-variation in 
children’s PA throughout year 
(controlling for month), 
decreased variability as number of 





2006; USA n=436; 
436f; 
14.1 (0.45)y 
NS ActiGraph  7164;   
7d wear; 30 sec epoch; 
≥ 7d (imputed up to 6d)) 
MVPA:≥ 1500 counts/30 
sec 
NS ICC using min of  MVPA: 
1d (0.42),   
4d (0.75),  
5d (0.79),  
6d (0.82),  
7d (0.84) 
5 to 6d of accelerometer data 





















2003 & 2007 
ActiGraph 7164; 
7d wear; 
60 sec epoch; 
≥ 4d, first non-zero count 
after 05:00 until one of the 
following: ≥ 60min zero 
counts after 17:00, 
≥ 30min zero counts after 
20:00, 
last zero count before 
00:00 
MVPA: Freedson et al173 
NS ICC (R) using min of MVPA: 
4d (0.73),  
7d (0.81),  
2d w/e (0.54) 
 
Between 4 to 7d of accelerometer 










7d wear;  
60 sec epoch; 
7d, ≥ 360min/d 
10.9 
(1.9)hr 
ICC using cpm & 10hr/d: 
1d (0.36),  
4d (0.69),  
7d (0.80) 
ICC using cpm & 7d of data: 
180 min (0.79),  
420 min (0.78),  
7d accelerometer data with 10hr/d 
produced highest reliability of 0.8, 
number of days more influence on 







[Size;  gender; 





(model; days wear; 
epoch; reliable data; 





Main results Summary of main findings 
600 min (0.80),  









m: 9.7 (0.4)y & 
15.5 (0.5)y, 
f: 9.6 (0.4)y & 
15.4 (0.6)y 
NS ActiGraph 7164;  
4d wear;  
60 sec epoch; 
≥ 3d, ≥ 600min/d 
(Non-wear:≥ 10min zero 
counts) 
NS Differences in PA levels using ≥ 1d & ≥ 3d  
reliable data (cpm): 
Age 9y sample:  
m (772 vs. 784); f (635 vs. 649) 
Age 15y sample:  
m (597 vs. 615); f (485 vs. 491) 
 
Inclusion of children who achieved 








2d wear;  
60 sec epoch 
10.5 
(1.0)hr 
Reproducibility coefficients(R) using cpm: 
D1 and 2 (0.30) 







Age 3y sample: 
n=244; 
137m, 107f 
Age 4y sample: 
n=237; 
133m, 104f 
Age 5y sample: 
n=225; 
126m, 99f 
NS Actical Accelerometer; 
5d wear;  















ICC using cpm & mean number of d 
available: 
Age 3y sample: 4.9d (0.8); 
Age 4y sample: 5.1d (0.79); 
Age 5y sample: 6.1d (0.84) 
5d of accelerometer data provided 










4d wear;  
60 sec epoch; 
≥ 3d, ≥ 1000min/d; 
(Non-wear:≥ 20min zero 
counts) 
NS ICC using cpm: 
3d (0.64),  
4d (0.70),  
5d (0.75),  
7d (0.8) 
7d of accelerometer data needed to 
achieve a reliability of 0.8 
Trost et 
al120 








ActiGraph 7164;  
7d wear;  
60 sec epoch; 
7d, zero counts must be 








ICC using min of MVPA: 
Age 7.2y sample:  
1d (0.46),  
4d (0.77),  
7d (0.86); 
Age 10.4y sample: 
4 to 5d of accelerometer data 
needed for children, & 8 to 9d of 
accelerometer data needed  for 







[Size;  gender; 





(model; days wear; 
epoch; reliable data; 





Main results Summary of main findings 










1d (0.49),  
4d (0.79),  
7d (0.87); 
Age 12.9y sample:  
1d (0.33),  
4d (0.66),  
7d (0.77); 
Age 14.3y sample:  
1d (0.31), 
4d (0.64),  
7d (0.76) 
Days needed for ICC  values of  0.7, 0.8, 
0.9: 
Age 7.2y sample:  
2.7d, 4.7d, 10.6d; 
Age 10.4y sample:  
2.4d, 4.2d, 9.4d; 
Age 12.9y sample:  
4.8d, 8.3d, 18.6d;  
Age 14.3y sample:  
5.1d, 8.8d, 19.8d 
Abbreviations: n=sample size; m=males; f=females; y=years; spr=spring; sum=summer; NS=not specified; Apr=April; Jun=June; Aug=August; Oct=October; 
Nov=November; d=days; hr=hours; min=minutes; sec=seconds; cpm=counts per minute; MVPA=moderate and vigorous PA; MPA=moderate physical activity; 
VPA=vigorous physical activity; w/d=weekday; w/e=weekend; PA=physical activity; vs.=versus.
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3.5.3.2 Analytical aim  
The aim of seven articles
28 46 120 134 186 188 189
 was to investigate the minimum number of 
accelerometer wear days required by each child to reliably estimate habitual PA, although 
only five of these
28 46 134 186 189
 collected the data for the main use of answering this research 
question. In nine articles
108 113 120 123 129 138 158 187 188
 data were collected for another purpose 
and the paper reported between day variability of PA in addition to the primary statistical 
analyses.  
 
3.5.3.3 Recruitment and sampling procedures 
One article did not report how participants were recruited
189
. Only seven studies
113 120 123 129 
138 187
 specified the sampling procedures. The majority of articles (n=9)
113 120 123 129 138 187 188
 
108 158
 analysed data from subjects recruited as part of large scale studies which are detailed in 





.    
 
3.5.3.4 Sample size calculations 
Sample size calculations were reported in four articles
123 138 158 187
. All of these articles 
included subjects recruited to take part in large scale studies; details of these calculations are 
discussed in section 3.5.1. 
 
3.5.3.5 Accelerometer measurement protocol 
Accelerometer model 
The ActiGraph accelerometer was used (ten used the 7164 model
28 46 108 129 134 138 158 186 187
, 
one the GT1M model
123
, and one model not specified
188
) in twelve articles, one used the 
Actical
113






Nearly all (n=12) studies
28 46 108 123 129 138 158 186-189
 used a 60 second epoch. This is likely to be 
because most of these studies used the older ActiGraph 7164 model which is only capable of 
storing data collected using sampling epochs of greater than 60 seconds for a limited number 
of days due to limited battery life and data storage capacity. As previously stated, Murray et 
al
134
 used a 30 second epoch, and Taylor et al
113
 did not state which sampling epoch they 
used. 
 
Accelerometer wear protocol 
Subjects were asked to wear their accelerometer for between two
189
 to seven days
108 123 129 134 
138 188
. In nearly all articles (n=13)
28 46 108 113 123 129 134 138 158 186-189
 participants were asked to 
wear the accelerometers during waking hours only, and only subjects participating in the 




Accelerometer data processing 
Only five articles
28 108 138 158 187
 reported the methods used to identify periods of non-wear. In 
these articles periods of at least 10
108 138 158 187
 or 20 minutes
28
 of continuous zero counts were 
used to define non-wear time.  
 
Nine articles
28 108 123 129 138 158 186-188
 reported the criteria they used to determine the minimum 
daily wear time. In these articles thresholds of at least 360
188
, 600




 minutes were used to determine the minimum daily wear time. Gidlow et al
123
 used 
the thresholds specified by the FLAME study,  Trost et al
120
 used an alternative method 
specified by the AHA study, and Nader et al
129
 determined wear time according to that 
specified by the NICHD study. 
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3.5.3.6 Outcome variables 
All articles measured PA as their outcome variable(s).  Eight articles investigated the 
reliability of accelerometer-determined PA measurement according to mean cpm




 investigated reliability according to the mean daily minutes of MVPA
129 
134
, and three articles
108 120 129
 investigated reliability according to the mean cpm and daily 
minutes of MVPA. Gidlow et al
123
, Nader et al
129
 and Trost et al
120
 used age-specific count 
thresholds to determine levels of MVPA that were derived from the EE prediction equation 
developed by Freedson et al
173
. Murray et al
134
 defined MVPA as greater than 1,500 
counts/30 seconds, and Mattocks et al
108
 used a slightly higher definition of greater than 
3,600 cpm. Janz et al
186
 used thresholds of less than 25 cpm, at least 250 cpm, and at least 
500 cpm to define SB, MPA, and VPA respectively. Only one article
123
 did not report the 
outcome measure.   
 
3.5.3.7 Sample characteristics 




. Study sample sizes for the five 
articles undertaken for the primary purpose of investigating the minimum number of wear 




. The majority (n=8
28 46 108 123 138 186 187 
189
) included children (6 to 12 years); two
113 188
 included preschool children (two to five 
years), and one
134
 included only adolescents (13 to 18 years). Nader et al
129
, Riddoch et al
158
, 
and Trost et al
120
 included children and adolescents (6 to 18 years).  Nearly all included both 





28 113 120 123 129 





). Studies were more likely to report a measure of 
  
 124 
weight status than ethnicity, with nine studies
28 108 113 123 129 134 138 187 189
 reporting either the 
weight or BMI of their sample.  
 
3.5.3.8 Bias in consent 
Study consent rate was reported in eight articles
108 113 120 123 129 138 158 187





. Differences between consenting and non-consenting children were 
evaluated in only three articles
113 123 158
: findings have been previously discussed (section 
3.5.2).  
 
3.5.3.9 Bias in reliable accelerometer data acquisition 





between children who did and did not return reliable accelerometer were evaluated in only 
three articles
113 123 138
: findings have been previously discussed (section 3.5.2).  
 
3.5.3.10 Representativeness of sample to external population 
Only one article
123
 discussed how their study sample population compared to the wider 
population in question. In order for researchers to make statements about a wider population 
from their sample population clinical inference is required whereby the researcher argues that 
results found in the study population will apply elsewhere.  
 
3.5.3.11 Statistical methods 
The ICC describes how strongly units in the same group resemble each other, and is defined 
as the ratio of between individual variance to the sum of the between- and within- individual 
variance in the primary outcome variable.  An ICC value of 1.0 indicates that all the variation 
is between- rather than within-children, corresponding to good reliability or repeatability. An 
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ICC value of 0.8 is commonly regarded as a marker of acceptable reliability.  Ten studies
28 108 
113 120 123 129 134 138 186 188
 calculated ICC values to determine: 1) the reliability between single 
days of accelerometer measurement, and/or; 2) the reliability of PA measurement using 
varying numbers of days of accelerometer data or varying daily wear lengths. Five articles
28 
120 123 138 188
 used the Spearman-Brown prophecy formula
190
 to investigate reliability of 
measurement when changing the number of days of accelerometer data required by each 
child to be  included in data analyses, and two studies
138 188
 used this formula to investigate 
reliability when changing the  minimum daily wear time required. The only paper that did not 
report ICC values or reproducibility coefficients to investigate day to day variability in PA 
was Riddoch et al
158
 who compared the PA levels of all children providing at least one day 
(at least 600 minutes per day) of accelerometer data with children who provided at least three 
days of data.  
 
3.5.3.12 Main findings 
Summary of articles 
Most studies (n=8)
28 120 123 129 134 138 186 188
 determined how many days of accelerometer 
measurement are required to achieve an ICC of at least 0.8. The number of measurement days 
required to achieve an ICC of at least 0.8 would represent a value in which the between 
person variance is at least 80% of the total variance. The number of days needed to achieve 
an ICC of at least 0.8 ranged from two
123
 to nine days
120
, and was dependent on the age of the 




 also investigated the 
consistency of PA between single-measurement days. ICC values between single-









The main findings of all articles included in this review to address objective three will now be 
described individually in chronological order. The two studies
138 188
 evaluating the minimum 
daily wear time required to characterise children’s usual daily PA are reported at the end of 
this section. 
 
Sallis et al (1990) 
Sallis et al
189
 analysed day to day variability of PA in 30 children aged 10 to 11 years using 
paired t-tests and Pearson’s correlation coefficients. The mean daily activity counts per hour 
for day one and two were similar (9.0 and 9.3 counts per hour respectively) but the 
correlations across these days were low and non-significant. No confidence intervals (CI) for 
ICC values were reported which is particularly important as the small sample size may 
influence precision of the ICC estimates. The only conclusions that can be drawn from their 
findings is that researchers need to measure PA in children for more than two days to obtain 
stable estimates of activity in a sample of this size. 
 
Janz et al (1994) 
Janz et al
46
 used Pearson’s correlation coefficients and repeated measures analysis of 
variance (ANOVA) to determine significant group mean differences between three days of 
accelerometer measurement in 31 children aged between 7 and 15 years. Between day means 
were not significantly different for any of the activity variables. Pearson’s correlation 
coefficients were moderate between day one and two, and between day one and three (0.38 to 
0.48 and 0.43 to 0.53 respectively; p < 0.05), and weak between day two and three (0.23 to 
0.32; p ≥ 0.05). Again, no CI for ICC values were reported which is particularly important as 
the small sample size may influence precision of the ICC values. Their findings further those 
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found by Sallis et al
189
, and suggest that researchers need to measure PA in children for more 
than three days to provide reliable estimates of children’s PA. 
 
Janz et al (1995) 
Janz et al
186
 investigated day to day variability in PA using 30 children aged between 7 and 
15 years and found similar ICC values to those found by Trost et al
120
 in similarly aged 
children. They reported ICC values (95% CI) for average cpm of 0.42 (0.27, 0.60), 0.59 
(0.42, 0.75), 0.69 (0.52, 0.82), 0.75 (0.59, 0.86), 0.79 (0.65, 0.88) and 0.81 (0.69, 0.90) based 
on one, two, three, four, five and six days of accelerometer measurement respectively.  ICC 
and 95% CI values were reported for the average cpm and also for the percentage of the day 
spent in SB, MPA and VPA according to the number of days of measurement. ICC values for 
the percentage of the day spent in SB, MPA and VPA were similar to those found for average 
cpm (95% CI) and ranged from 0.44 (0.28, 0.62) to 0.47 (0.32, 0.65) using one day of 
monitoring and from 0.82 (0.70, 0.91) to 0.84 (0.74, 0.92) using six days of monitoring. Their 
calculations suggest that between five and six days of measurement would be needed to 
achieve an ICC of at least 0.8 for all PA and SB outcome variables. 
 
Trost et al (2000) 
Trost et al
120
 analysed data from 381 children who provided seven days of accelerometer data 
and reported ICC values (95% CI) for MVPA of between 0.31(0.17, 0.45) and 0.46 (0.34, 
0.57) for one day of measurement, 0.64 (0.57, 0.72) and 0.77 (0.73, 0.82) for four days of 
measurement, and between 0.76 (0.71, 0.81) and 0.86 (0.82, 0.89) for seven days of 
measurement, depending on the age of the children. ICC values were lower in older children 
than younger children (i.e. intra-individual variation was greater in older children than 
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younger children) for all variations in the numbers of days of measurement included in 




 used the Spearman-Brown prophecy formula to determine how many days of 
monitoring were required to achieve ICC values of 0.7, 0.8, and 0.9. They found that fewer 
days were required to achieve similar ICC values to those reported by Treuth et al
28
 (using 
similarly aged children): children needed between two and three days to achieve an ICC 
value of 0.7, between four and five days to achieve an ICC value of 0.8, and between 9 and 
11 days to achieve an ICC value of 0.9.  A greater number of wear days were required from 
adolescents than children to achieve the same ICC values. Between four and five days of 
accelerometer data were required from adolescents to achieve an ICC value of 0.7, between 
eight and nine days to achieve an ICC value of 0.8, and between 18 and 20 days to achieve an 
ICC value of 0.9.  
   
Treuth et al (2003) 
Treuth et al
28
 reported a single day ICC of 0.37 (p<0.0001) for average cpm in 68 girls aged 
eight to nine years during a four day measurement period.  Differences in PA between days 
were assessed using repeated measures ANOVA. However, no CI for ICC values were 
reported which is particularly important as the small sample size may influence precision of 
the ICC values. Average cpm were significantly different across the four days (p=0.02), and 
decreased from 410 cpm
 
(SD=174 cpm) during day one to 374 cpm (SD=113 cpm) during 
day four.  Using the Spearman-Brown prophecy formula, the authors suggested that a 





Riddoch et al (2004) 
Riddoch et al
158
 investigated whether PA levels would be influenced by including only 
children with reliable data (≥ three days) in analyses compared to including all children who 
provided at least one day of accelerometer data. They found that including an additional 602 
children with one or two days of data had little effect on their results.  Inclusion of these 
children lowered the estimated mean PA levels by 1 to 3% (772 vs. 784 cpm for nine year old 
boys; 635 vs. 649 cpm for nine year old girls; 597 vs. 615 cpm for 15 year old boys; and, 485 
vs. 491 cpm for 15 year old girls). 
 
Murray et al (2006) 
Murray et al
134
 found that between five and six days of accelerometer measurement were 
required to achieve an ICC value of 0.8 in 13 to 14 year old girls.  In their study of 436 girls 
they also investigated single day variation in PA and found similar ICC values of 0.42 for 
minutes of MVPA for one day of PA measurement to those found by Trost et al
120
.  The 
reliability increased to 0.75, 0.79, 0.82, and 0.84 when including children with at least four, 
five, six, and seven days of accelerometer measurement respectively.  
 
Mattocks et al (2007) 
The results of the studies discussed so far have measured PA over a single-measurement 
period, however, Mattocks et al
108
 investigated the reliability of PA measurement using 
repeated accelerometer measurements. They investigated the variation of PA over the course 
of a year, and also re-analysed their data restricting the number of wear days required by each 
child to three, four, five, and, six and seven days combined (restricted to those who had data 
in all four measurement occasions). Analyses for cpm were adjusted by gender, age, BMI, 
and month, and analyses for MVPA were also adjusted for these variables but with two sine 
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and two cosine harmonic functions. Mean cpm and mean minutes spent in MVPA increased 
as the number of wear days required increased.  Sample size and intra-individual variation for 
both cpm and mean minutes of MVPA decreased as the number of wear days required 
increased. ICC values for cpm increased from 0.45 to 0.56 when including children with 
three days compared to six and seven days combined respectively. ICC values for the mean 
minutes spent in MVPA increased from 0.38 to 0.46 when including children with three days 
compared to six and seven days combined respectively. 
  
Gidlow et al (2008) 
Gidlow et al
123
 evaluated the minimum number of weekday measurements required to 
provide reliable estimates of typical weekday PA by calculating ICC values for activity cpm 
in their sample of 3 to 16 year old children (n=503). Their calculations suggested that two 
week days of accelerometer measurement would be required to achieve an ICC of 0.8. This 
calculation formed part of the methods sections of the article and as a result, CI for ICC 
values, and mean and SD values for PA cpm according to the number of days of 
measurement were not reported.   
 
Kristensen et al (2008) 
Kristensen et al
187
 analysed reliability coefficients of PA (mean cpm) using a single-
measurement day, and using a four day measurement period in a sample of 589 children aged 
nine to ten years who were measured in 1997. ICC (95% CI) values were similar to those 
found by Murray et al
134
 and Taylor et al
113
 for a single day measurement period [0.46 (0.40, 
0.51) in girls; 0.45 (0.39, 0.50) in boys], and were similar to those found by Janz et al
186
 
using a four day measurement period [0.78 (0.75, 0.80) in girls; 0.74 (0.71, 0.76) in boys]. 
They repeated their reproducibility calculations on a different sample of eight to ten year old 
  
 131 
children whose PA was measured using accelerometers in 2003. ICC (95% CI) values for a 
single-measurement day were 0.36 (0.30, 0.41) and for a four day measurement period were 
0.68 (0.65, 0.71) in girls, and 0.36 (0.29, 0.42) and 0.65 (0.62, 0.68) for a single and four day 
measurement period in boys respectively. These findings indicate that a secular trend in 
children’s PA has occurred from 1997 to 2003 - there was less variation in children’s (aged 
eight to ten years) PA in 2003 than 1997.  
 
Nader et al (2008) 
Nader et al
129
 calculated the reliability of PA measurement using  four and seven days of data 
and of two weekend days of data in 2,992 children aged 9, 11, 12 and 15 years. Four day ICC 
values for minutes of MVPA averaged 0.73, seven day ICC values averaged 0.81, and two 
weekend day ICC values averaged 0.54. These findings suggest that habitual weekly PA can 
be estimated from four weekday wear days, but weekend PA cannot be reliably estimated 
from one weekend wear day. 
 
Taylor et al (2008) 
Taylor et al
113
 investigated single day variation in PA using a sample of children measured 
longitudinally at three different ages (three, four and five years old). It is unclear what PA 
outcome variable was used to assess variation, and no descriptive statistics (mean, SD values) 
for PA measurements according to the number of days of measurement were reported. 
However, they did report similar ICC values to those found by Murray et al
134
 and Kristensen 
et al
187
 in older children: single day ICC values for PA were 0.45, 0.42 and 0.46 when the 
children were aged three, four, and five years respectively
113
. These results suggest that day 
to day variation in PA did not change dramatically in the two year follow ups. Taylor et al
113
 
also investigated ICC values using the mean number of days provided by each child at each 
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measurement age: at age three years ICC values were 0.80 using 4.9 days of accelerometer 
measurement, at age four years ICC values were 0.79 using 5.1 days of accelerometer 
measurement, and when the children were five years old ICC values were 0.84 using 6.1 days 
of measurement. Taylor et al’s113 findings indicate that their wear time threshold (including 
children with at least five days of data) provided a reliable estimate of children’s habitual PA. 
 
Penpraze et al (2006) 
The articles discussed so far have investigated how many days of data are needed per child to 
reliably measure children’s habitual PA, however, Penpraze et al188 also determined how 
many minutes per day are needed to reliably measure children’s daily PA in five to six year 
old children (n=76). The Spearman-Brown prophecy formula was used to determine the 
reliability of PA measurement using various day lengths (180 to 720 minutes per day) and 
numbers of wear days (one to seven days). Reliability of measurement depended on the 
number of minutes per day and the number of wear days required by each child to be 
included in analyses. PA measurement remained relatively stable using 180 minutes up to, 
and no more than 600 minutes per day. For example, the estimated reliability of PA cpm for 
four days of activity measurement was 69% using both 180 and 600 minutes per day, but then 
dropped to 38% when using 780 minutes per day. In contrast, at all constant day lengths 
higher reliabilities were achieved as the number of days of accelerometer measurement 
increased. For example, the estimated reliability of PA using 180 minutes per day for one day 
of measurement was 35%, for four days of measurement was 69%, and 79% for seven days 
of measurement. Their calculations suggest that four days lasting at least 600 minutes per day 





Mattocks et al (2008) 
The reliability of PA using varying numbers of days of measurement with varying day 
lengths was also assessed in 11 year old children participating in the ALSPAC
138
. The 
reliabilities reported by Mattocks et al
138
 were higher than those calculated in younger 
children
188
. For example, approximately five days of accelerometer data lasting between 480 
to 600 minutes per day were required to achieve a reliability of 0.8, compared to Penpraze et 
al
188
 who reported that at least seven days of data lasting at least 600 minutes per day were 
required to achieve a reliability of 0.8. They also found that ICC values for PA remained 
constant at varying daily wear lengths (between 420 to 600 minutes) but using constant 
numbers of measurement days. For example, the ICC values using the maximum number of 
reliable days available but daily wear lengths of 600, 540, 480 and 420 minutes were 0.45, 
0.44, 0.44 and 0.43 respectively.  
 
3.5.3.13 Summary of findings and discussion 
A number of articles were identified that investigated the influence of varying the number of 
wear days included in analyses on the reliability of PA measurement. The findings of these 
studies vary greatly, and are dependent on the age of the children and the year of data 
collection
187
. Studies most commonly reported how many days of data were required to 
achieve an ICC value of at least 0.8.  Table 9 summarises the articles included in this review 
which investigated the number of days of accelerometer data needed to achieve an ICC 






Table 9: Articles evaluating the number of days of accelerometer data needed to achieve an 
intraclass correlation coefficient of at least 0.8 




 Preschool children 5 
Penpraze et al
188
 Preschool children 7 
Gidlow et al
123
 Children 2 (weekdays) 
Trost et al
120
 Children 4 to 5 
Mattocks et al
138
 Children 5 
Janz et al
186
 Children 5 to 6 
Treuth et al
28
 Children 7 
Nader et al
129
 Children and adolescents 4 to 7 
Murray et al
134
 Adolescents 5 or 6 
Trost et al
120




 were identified that also evaluated the influence of varying the 
minimum daily wear time on the reliability of PA measurement.  Both studies reported that 
daily wear length had less influence on reliability than the number of wear days required.  
 
Limitations across the studies included small sample sizes, non-random sampling procedures, 
and inconsistent accelerometer data processing protocols. The majority of studies comprised 
geographically clustered samples, limiting the representativeness of their findings. 
Furthermore, in a number of studies
46 120 186 189
 data collection took place over a decade ago, 
which may influence study findings, especially as a secular trend in children’s day to day 
variation of PA has been observed between 1997 to 2003
187
.   
 
Several studies acknowledge the limitations of using accelerometer-based count thresholds to 
define levels of MVPA. This is particularly important to consider when comparing ICC 




, as the use of 
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different thresholds could limit comparison between studies. For example, Trost et al
120
 used 
an MVPA threshold that was approximately half (depending on the age group) the count 
value of the threshold used by Mattocks et al (3,600 cpm)
108 138
. A lower count threshold 
allows for a greater range of potential values from which to calculate the ICC, which can 
increase the magnitude of ICC values.  
 
Future studies evaluating the minimum number of accelerometer wear days required from 
each child to achieve reliable estimates of PA need to use large geographically dispersed 
samples and a consistent standardised approach to accelerometer data processing.  Additional 
research is also needed to understand the influence of varying the daily wear length on the 
reliability of PA measurement.  Studies have shown that PA differs significantly between 
boys and girls
61 152
, and although findings are less consistent, research has shown that it can 






.  Despite these differences, previous studies 
have analysed combined data from both genders, and from children of different ethnic and 
SES groups. Additional research is needed to explore the influence of these potential 
confounders on the reliability of PA measurement in children. No studies were identified that 
investigated non-wear time or EHCV and therefore research is needed to explore the 
influence of these data processing decisions in children’s accelerometer studies. 
 
3.5.3.14 Key points 
 14 articles were identified which evaluated how many days of accelerometer data are 
required to reliably characterise children’s habitual PA.  
 Nearly all articles computed the ICC to determine the internal consistency of data and 
investigated how many days of accelerometer data are needed to achieve an ICC 
value of at least 0.8. 
  
 136 
 Findings show that between two (just for weekdays) to seven days of accelerometer 
data  lasting at least 480 to 600  minutes per day were required to achieve an ICC of at 
least 0.8 in children, and between five and nine days were required to achieve an ICC 
of at least 0.8 in adolescents. 
 Two studies found that the number of days required by each child to be included in 
data analyses had a greater influence on ICC values than the number of minutes per 
day; however this requires further study. 
 No articles were identified that formally investigated non-wear time from SB, and 
EHCV from VPA. 
 Therefore, further research is required to investigate non-wear, EHCV, and wear time 
thresholds in relation to factors known to influence PA levels so that future studies 













3.5.4 Objective 4: Seasonal differences in children’s physical activity 
3.5.4.1 Overview of articles 
17 articles
61 64 101-115
 (Table 10) were identified that investigated seasonal differences in 
accelerometer-determined PA in children, and three
104 105 109
 of these also investigated SB. 




. In 12 studies
61 64 102-107 109 112 113 115
 
between-subject seasonal differences in PA were assessed, and in the remaining five
101 108 110 
111 194
 within-subject seasonal differences were evaluated through repeated accelerometer 
measurements in the same individuals. Twelve authors reported studies from Europe 
(including six from the UK
61 64 104 105 108 111
)
101 106 107 109 110 115
, three from the USA
102 103 112
, 




.  Of the remaining studies only three
107 109 
113
 were longitudinal and the remainder were cross-sectional. Fourteen studies
61 64 101 102 104-107 
109-113 115 194






































6-7y, 9-10y & 
13-14y (range) 







2 seasons  
ActiGraph 7164; 
7d wear; 
60 sec epoch;  





No diff in PA (cpm) 
between win & sum 
(638 vs. 670 cpm; 
p>0.05) 
NS 
Burdette et al102  
 



















3d wear (inc. 2 
w/d & 1d w/e); 
60 sec epoch; 
Reliable data: NS 
Spr: Mar- 
May;  







NS No diff in PA (cpm) 
across four seasons 
(p>0.05); 
win PA tend to be 
lower (p=0.05) 
NS 
Finn et al103  
 






2 seasons  
Actiwatch  AW16; 
2d wear;  
60 sec epoch; 








No diff in total PA 
(p=0.28) or % time 
spent in VPA (p=0.35) 
between sum  & aut; 
higher PA in aut 
compared sum between 
09:00 and 19:00 (159.9 
vs. 131.2 cpm; p<0.05) 
NS 




















3d wear (younger 
children), 7d wear 
(older children); 
Epoch:  NS; 













ANOVA Total PA: 
Seasonal diff in cpm 
(p<0.001) 
Lower spr than sum 
(mean diff =125 cpm; 
p<0.001), aut (mean 
diff=118 cpm; p<0.01), 
& win (mean diff=77 
cpm; p<0.05),   
Seasonal diff in % 
time SB (p<0.001); 
higher (p<0.05) spr 
than sum (mean 
diff=4.8% of 
monitored time) or 
aut (mean diff=2.9% 


























Main PA results Main SB results 









Seasonal differences in 
% time LPA (p<0.001); 
lower (p<0.05) spr than 
sum (mean diff=4.3% 
of monitored time) or 
aut (mean diff=2.8 % of 
monitored time) 
MVPA: 
Seasonal diff in % time 
MVPA (p<0.01); 
lower (p>0.05) in spr 
than sum (mean 
diff=4.3% of monitored 
time) & aut (mean 
diff=1.0% of monitored 
time) 











ActiGraph 7164 & 
GT1M; 
7d wear; 
15 sec epoch;  
Reliable days:  
≥ 2d & 1d w/e; 
SB: <1100 cpm, 









Linear regression PA (cpm) lower in win, 
& spr/aut than sum (β 
coefficient: 0.0033 to 
0.058; p<0.001); 
MVPA lower in spr/ aut 
than sum (β coefficient: 
0.087 to 0.208; 
p<0.001) 
 
SB lower in spr/aut 
& win than summer 
(-2.907 to -1.684; 
p<0.001).   
 





















4d wear (inc. 1d 
w/e); 
10 sec epoch; 
≥ 2d, ≥ 480min/d 
Spr: 1 Mar- 
15 June;  
Aut: 1 Sep- 
30 Nov;  
Win:  1 





Higher spr than win 
(diff girls: 188 cpm; CI: 
112 to 265; p<0.001; 
diff boys: 121 cpm; 41 
to 201; p=0.001) & aut 
(girls diff: 112 cpm; CI: 
57 to 167; p<0.001; 
boys diff: 113 cpm; CI: 


























Main PA results Main SB results 
Age 15y: 
No diff in cpm across 
seasons (p>0.05) 

















4 seasons in 

















Wald tests Age 8-10y: 
Highest PA (cpm) in 
spr than win & aut 
months in 1997 & 2003 
(p<0.0001)  
Age 14-16y: 
No diff in PA (cpm) 
between months in 
1997 & 2003 (p=0.06) 
NS 













7d wear;  
60 sec epoch; 
≥ 3d, ≥ 600 min/d; 
SB: 0-199 cpm, 
MPA: ≥ 3600 











ICC values PA (cpm) highest sum 
& lowest win (diff: 93 
cpm; p: NS) 
NS  








918m, 1037f;  








3 seasons in 





4d wear (inc. 2 
w/e);  
60 sec epoch; 
≥ 3d (inc. 1 w/d), 
≥ 600 min/d; 
SB: <100 cpm, 









Adjusting for the 
season of measurement 
did not change PA 
(cpm & MVPA) 
Adjusting for season 
of measurement did 
not change SB 









age:  9 (0.92)y 







7d wear;  
60 sec epoch; 







Linear regression Diff in PA (cpm) higher 
in  dark followed by 
light measurements & 
light followed by light 
measurements than 


























Main PA results Main SB results 
2002 - 2005 measurements (p=0.001 
and p=0.024) 















ActiGraph GT1M;  
7d wear;  
5 sec epoch; 
≥1d, ≥ 600 min/d 
Monthly Multilevel linear 
regression 
PA (mean activity 
counts & cpm) higher 
in sum than win  
NS 

















60 sec epoch; 
≥ 3d,  ≥ 600 
min/d; 
MVPA:  3600 
cpm 
Spr: 1 Mar- 
31 May; 
sum: 1 Jun- 
31 Aug;  
aut: 1 Sep– 
30 Nov; 
win: 1 Dec- 
28 Feb 
 
ANOVA PA (cpm & MVPA) 
highest in sum & 
lowest in win (p<0.001) 
NS 















2 seasons  
ActiGraph GT1M; 
6d wear;  
2 sec epoch; 
≥ 3d (w/d),  ≥ 600 
min & ≥1d (w/d); 
≥ 480 min; 
MPA & VPA: 










PA (cpm & MPA)  
higher in sum than win 
for boys on w/e & w/d 
& higher for girls on 
w/e (p<0.05); 
VPA higher in sum 
than win for boys on 
w/d (p<0.05) 
PA bouts: 
PA bout duration (LPA, 
MPA &VPA) higher in 
sum than win (p<0.05) 
in boys; 
PA bout frequency & 
intensity (VPA) higher 
in sum than win 
(p<0.05) in girls 
Consistency of PA: 


























Main PA results Main SB results 
variation in girls than 
boys when including 
w/d & w/e (girls ICC: 
0.72- 0.90; boys ICC: 
0.63- 0.68; all p<0.01) 
Rundle et al112  
 








2  seasons  
Actiwatch; 
6d wear; 
60 sec epoch; 





Linear regression PA (cpm) higher in sum 
than win (β coefficient: 
87.04; p<0.001) 
NS 




























5d wear;  
Epoch:  NS 














Linear regression  Age 3y: 
PA (cpm) lower in spr 
than sum or win 
(p<0.001) 
Age 4 & 5y: 
No diff in PA (cpm) 
across 3 seasons at 4 & 
5y (p=0.974 & p=0.383 
respectively) 
NS 





8 – 12y 
(range) 






2 seasons  
ActiGraph; 
7d wear;  
60 sec epoch; 




ANCOVA Total sample: 
No diff MVPA across 3 
seasons (p=0.076) 
Lifestyle group: 
Lifestyle group & 
season interaction: 
MVPA 4% higher in 
OOM &  20% higher in 
RSK groups in sum 
compared with aut 
(p<0.001) 
NS 














PA (cpm) highest 


























Main PA results Main SB results 
Age 9y 
sample: 







3  seasons  
Epoch: NS; 






gender, season) significant effect from 
month of measurement 
in cpm (p<0.001) 
 
Abbreviations: n=sample size; m=males; f=females; y=years; mth=months; spr=spring; sum=summer; aut=autumn; win=winter; NS=not specified; Jan=January; 
Feb=February; Mar=March; Apr=April; Jun=June; Jul=July; Aug=August; Sep=September; Oct=October; Nov=November; Dec=December; d=days; min=minutes; 
sec=seconds; cpm=counts per minute; SB=sedentary behaviour; LPA=light physical activity; MPA= moderate physical activity; MVPA=moderate and vigorous physical 
activity; VPA=vigorous physical activity; w/d=weekday; w/e=weekend; PA=physical activity; ICC=intraclass correlation coefficient; ANOVA=analysis of variance; 




3.5.4.2 Analytical aim 
In seven articles
104 106-108 111 115 194
 the aim was to investigate seasonal differences in 
PA levels in children, and one of these also investigated seasonal differences in SB in 
children
104
. In ten articles
64 101-103 105 109 110 112
 
61 113
 data were collected for another 
purpose and the authors investigated associations between PA and season in addition 
to the primary statistical analysis. Only two
105 109
 of these articles investigated 
seasonal differences in SB in addition to the primary statistical analysis.  
 
3.5.4.3 Recruitment and sampling procedures 
One article did not report how their study samples were recruited: this was an abstract 
by Tremblay et al
194
 published in the North American Society for Paediatric Exercise 
Medicine. Nine studies
61 64 101 104 106 107 109 110 115
 specified their study sampling 
procedures. The majority of articles (n=11
61 64 101 104 105 107-109 112 113 115
) analysed data 
collected from subjects recruited as part of large scale studies, three studies recruited 
children via  schools
106 110 111
, one study recruited preschool children at childcare 
centres
103
, and one study recruited children through advertising in brochures and 
community news articles
102
.   
  
3.5.4.4 Sample size calculations 
One article
61
 reported sample size calculations; Riddoch et al
61
 included subjects 







3.5.4.5 Accelerometer measurement protocol 
Accelerometer model 
In twelve articles the ActiGraph accelerometer was used (nine used the 7164 model
61 
101 104-109 115
, two used the GT1M model
64 111





, one used the Tritac R3D accelerometer
102
, and the 
remaining article the mini Mitter Actical accelerometer
113
.  The validity and 
feasibility of the ActiGraph, the Tritac R3D, and the Actical accelerometer has been 
previously discussed in section 3.5.1.1.2. Despite being a wrist worn accelerometer 
the Actiwatch has shown high reproducibility and high validity in children, and has 
also compared favourably with HR monitoring and the ActiGraph accelerometer
90
.   
 
Epoch 
In 14 (82%) articles authors reported the epoch selected; this was usually 60 seconds
61 
101-103 108-110 112









seconds.   
 
Accelerometer wear protocol 
Subjects were asked to wear their accelerometer for between two
103
 to seven days, 
with most (n=8
61 64 101 104 105 108 110 194
) requesting seven days wear. All articles 
requested subjects to wear their accelerometers during waking hours only.  
 
Accelerometer data processing 
The criteria used to determine the number of days of accelerometer data required per 





 days. In five, at least one weekend day was stipulated





.  In 12 (71%) articles duration of wear required in any single day was specified: 
these ranged from at least 360
104
 to at least 600
61 64 107-110 115
 minutes.  
 
3.5.4.6 Outcome variables 
All articles had a PA measure as their outcome variable(s).  Sixteen articles measured 
total PA using mean cpm
61 64 101-113 115
, seven articles reported levels of PA according 
to the number of minutes spent in MVPA
61 104 105 108 109 113 194
, one article the number 
of minutes spent in LPA
104
, one article the number of minutes spent in MPA
111
, and 
three articles reported the number of minutes spent in VPA
103 109 111
. Three studies 
also reported seasonal differences in the time spent in SB
104 105 109
.  MVPA was 





VPA was defined using Trost et al
121




3.5.4.7 Seasonal definition 
In seven articles
61 64 102 104 105 107 108
 PA levels across all four seasons were compared, 
four articles
106 109 113 115
 compared PA levels across three seasons, and six articles
101 103 
110-112 194
 compared PA levels across two seasons. Nyberg et al
110
 investigated 
differences between dark and light months, which they defined as October to March, 
and April to September, respectively. Five studies
64 101 103 109 194
 (28%) did not report 
the dates used to define the seasons. This is important as there are no definitive dates 
to define the seasons, particularly as seasons vary depending on the geographic 
location of subjects. For example, Taylor et al’s113 article included children living in 
New Zealand and they defined spring as September to October, summer as November 
to February, autumn as March to May, and winter  as June to August. In comparison, 




March to May, summer as May to July, autumn as August to October and winter as 
November to January. 
 
3.5.4.8 Sample characteristics 









for studies investigating seasonal differences 




61 64 105 107 108 110 111 194
, and four
101 106 109 115
 studies 
respectively. All studies included both boys and girls. In 13 articles a measure of 
weight status was reported
,
, while in only four was ethnicity
64 102 103 112
 or SES
101 103 105 
107
 of the sample reported.   
 
3.5.4.9 Bias in consent  
Study consent rate was reported in nine articles
61 64 101 105 107 108 113 115 195





. Understanding the predictors of non-response in repeated 
measurements studies is particularly important because the increased number of 





 investigated predictors of non-consent and all of these investigated 




 compared the characteristics of children who consented to their 
seasonal study (n=315) with those who consented to the ALSPAC main stage activity 
monitoring study (n=6,844). They found little differences in BMI, weight, and SES. 




(11.65 years vs. 11.79 years; p<0.001) and slightly shorter (150.0cm vs. 150.8cm; 
p<0.05) than those in the main study.   
 
3.5.4.10 Bias in reliable accelerometer data acquisition 
Fourteen articles
61 64 101 103-108 110-113 115
 reported the reliable data acquisition rate, and 




.  Of the five studies
101 108 110 111 194
 that investigated 
seasonal differences in PA using repeated accelerometer measurements, only two
111 
138
 reported the proportion of children who returned reliable data in each season, and 
none investigated if there were any differences between children who did and did not 
provide reliable data in each season. 
 
3.5.4.11 Statistical methods and main findings  
Summary of articles 
Thirteen articles
61 64 102 104-108 110-113 115
  found seasonal differences in children’s PA, 
and two
104 105
 found differences in children’s SB. Four articles101 102 109 194 found no 
seasonal differences in children’s PA. Kolle et al106 and Kristensen et al107 found no 
seasonal differences in PA in their 15 year old sub samples, and Taylor et al
113
 found 
no differences in  their four and five year old sub samples. 
 
The statistical methods and main findings of all articles included in this review to 
address objective four will now be described individually in chronological order. 
 
Finn et al (2002) 
Finn et al
103
 measured PA using accelerometers in 214 children aged three to five 




differences between summer and autumn total PA (cpm) and VPA.  However, slightly 
higher activity counts were observed between 05:00 and 19:00 in autumn compared to 
summer (159.9 vs. 131.2 cpm, respectively; p<0.05).  
 
Burdette et al (2004) 
Burdette et al
102
 found no variation according to the season of measurement in their 
study of 214 children from the USA (aged 29 to 52 months; p=0.05). However, 
although statistical significance was not achieved, PA in winter tended to be slightly 
lower than in autumn.  Mean PA levels were 619, 681, 659, and 698 cpm during 
winter, spring, summer, and autumn, respectively. Differences in between subject 
measurements of PA levels collected in all four seasons between July 2000 and June 
2001 were assessed using ANOVAs.  
 
Fisher et al (2005) 
Fisher et al
104
 compared total PA (cpm) and the percentage time spent in SB, LPA, 
and MVPA across all four seasons in 209 Scottish children (mean age 4.8 years). PA 
outcome variables were tested for normality and one way ANOVAs and two sample t-
tests were used to determine seasonal differences. Adjustments were made for age, 
gender and BMI. They found seasonal differences in mean cpm (p<0.001) and the 
percentage of time spent in SB (p<0.001), LPA (p<0.001) and MVPA (p<0.01). Total 
PA was lower in spring (701 cpm) than summer (826 cpm; p<0.001), autumn (819 
cpm; p<0.01), and winter (778 cpm; p<0.05). Children were more sedentary in spring 
than summer or autumn, and children spent less time in LPA during spring than 





Tremblay et al (2005) 
Tremblay et al
194
 compared the time spent in MVPA during autumn 2002 and summer 
2002 in 219 Canadian children.  Using ANCOVA, and adjusting for age, they found 
no seasonal differences in MVPA between summer and autumn for the total sample 
(p=0.076). However, they did find a significant group by season interaction: the 
weekly time spent in MVPA was 4% higher in the old order Mennonite children and 
20% higher in the rural Saskatchewan children during summer compared to autumn 
(p<0.001). In contrast, urban Saskatchewan children were more active during autumn 
than summer. 
 
Wennlöf et al (2005) 
Wennlöf et al
115
 compared the PA levels (cpm) of 969 Swedish children aged between 
nine and 15 years who were measured once only in spring, autumn, or winter . Three 
way ANOVAs including gender, age group, and month of measurement were 
undertaken to assess the association between gender, age, season of measurement and 
total PA (cpm).  They found that children were most active during April and May 
with a significant effect of month of measurement on total PA being observed 
(p<0.001). 
 
Mattocks et al (2007) 
Mattocks et al
108
 evaluated the seasonal and intra-individual variation of PA in 315 
UK children aged 11 years by obtaining four repeat accelerometer measurements over 
a full calendar year. ICCs were calculated to determine the extent to which activities 
in different seasons vary.  The authors tested the PA outcome variables for normality, 




variation in activity (cpm) over the course of the year increased from 0.49 to 0.53 
after adjusting for month of measurement, indicating an effect of month. PA levels 
were higher in summer than winter (615 vs. 522 cpm respectively).  
 
Riddoch et al (2007) 
Riddoch et al
61
 compared the PA levels (cpm) of 969 Swedish children between the 
ages of  9 and 15 years who were measured once only in spring, autumn, or winter. 
ANOVA tests revealed that children were most active during April and May with a 
significant effect for month of measurement on total PA being observed. 
 
Kristensen et al (2008) 
Kristensen et al
107
 compared PA levels (cpm) across all four seasons in  8 to 10 and 
14 to 16 year old children during two separate sweeps in 1997 and 2003. Wald tests 
were used to test whether PA differed by season of measurement according to the age 
of the children and the year of measurement. They found that season had less 
influence on 14 to 16 year olds than in eight to ten year olds: younger children were 
more active during  spring than winter and autumn in 1997 and 2003 (p<0.0001), but 
PA did not differ by season  in 14 to 16 year olds during 1997 or 2003.  
 
Nyberg et al (2009) 
Nyberg et al
110
 investigated the stability of PA in 97 children aged six to ten years by 
investigating baseline and follow-up. PA measurements were collected during two 
seasons between 2002 and 2005. Multiple linear regression models were fitted to 
determine predictors of PA at follow-up, adjusting for baseline PA, gender, age, BMI, 




and light: April to September). They found that the season of accelerometer 
measurement contributed significantly to reducing the variance of the modelled PA 
(cpm) at follow-up. The mean difference in PA between each season was significantly 
higher for measurements taken during the dark season followed by the light season, 
and light to light season measurements than baseline measurements made in the light 
season with follow-up during the dark season (p=0.001 and p=0.024 respectively). 
 
Bringolf-Isler et al (2009) 
Bringolf-Isler et al
101
 investigated the association between PA (cpm) and socio-
demographic and environmental characteristics, including season in a longitudinal 
study of 189 Swiss children aged between 6 and 14 years old who were measured 
once in either winter 2004  or summer 2005.  Mixed linear regression analyses 
reported no differences in PA cpm between winter and summer (638 cpm vs. 670 
cpm; p>0.05).  
 
Kolle et al (2009) 
Kolle et al
106
 compared PA levels (cpm) across spring, autumn, and winter in 2,299 
Norwegian children aged between 9 and 15 years. Using linear regression models they 
assessed the association between gender, age, season of measurement, and total PA 
(cpm). They found that season had less influence on PA in Norwegian 15 year olds 
than in Norwegian nine year olds: younger children were more active during spring 
than during winter (mean difference for girls: 188 cpm; p<0.001; mean difference for 
boys: 121 cpm; p=0.001) and autumn (mean difference for girls: 112 cpm; p<0.001; 
mean difference for boys: 113 cpm; p<0.001), but the PA levels of 15 year olds did 




investigated the odds of children meeting the recommended levels of daily PA 
according to the season of measurement, and found that children had a higher chance 
of meeting the guidelines during spring than winter at both 9 (p<0.001) and 15 years 
(p<0.05). 
   
Nilsson et al (2009) 
Nilsson et al
109
 determined between- and within- day differences in total PA (cpm), 
and the daily time spent in MVPA in 1,954 European children aged between nine and 
15 years. Repeat measures ANOVA were used to investigate differences in mean 
cpm, and the time spent in MVPA and SB during weekdays and weekend days. After 
the main analyses were performed they reanalysed their data and found that 
adjustment for season of PA measurement (autumn, winter and spring) did not alter 
their main findings.   
 
Owen et al (2009) 
Owen et al
64
 investigated ethnic differences in mean daily PA (cpm) in a cross-
sectional study of 144 eleven year old UK children. Children were measured in one of 
four seasons between January 2006 and February 2007. Tests for normality were 
undertaken and multilevel linear regression models were used to provide ethnic and 
gender differences in PA, which were adjusted by age, gender, day of the week and 
the month of measurement. They found that mean activity counts and total cpm were 







Rowlands et al (2009) 
Rowlands et al
111
 are the only authors to have considered the influence of gender on 
seasonal variation of PA in a longitudinal study of only 64 UK children aged between 
9 and  11 years who were measured in only one of two seasons (summer and winter). 
Tests for normality revealed that some of the PA outcome variables were skewed so 
log transformations were undertaken and repeated measures ANOVAs were used to 
determine differences in mean activity counts, and the time spent in MPA and VPA 
according to the season of measurement and day of measurement (weekday and 
weekend). Total PA (cpm) and MPA were higher during summer than winter for boys 
on weekend and weekdays, and higher for girls on weekend days (p<0.05). For boys, 
VPA was higher during summer than winter on weekdays, while weekday VPA was 
higher in summer than winter; for girls, weekend VPA was higher in summer than 




 are also the only authors to have assessed seasonal variation in PA 
patterns according to the frequency, intensity and duration of PA bouts (lasting greater 
than four seconds) of LPA, MPA, and VPA. They found that the mean duration of all 
intensity PA bouts were greater during summer than winter in boys, and the frequency 




 also investigated the individual consistency of total PA levels and 
activity bouts according to the season of measurement and day of measurement for 
boys and girls separately. PA tracked most highly between weekdays and weekends 
during winter in girls (ICC: 0.71 for total PA, 0.66 for MPA, and 0.69 for VPA), and 




respectively). No specific dimension of activity bouts (frequency, intensity or 
duration) showed greater seasonal variation than another.  Less variation in total PA 
and activity bouts were observed across seasons than between weekday and weekend 
days within a season. 
 
Rundle et al (2009) 
Rundle et al
112
 compared the activity levels of 437 four year olds living in the USA 
measured either during summer or winter. Linear regression models were fitted to 
determine seasonal differences in children’s PA and to also identify a range of other 
variables associated with children’s PA including child’s gender, age, and ethnicity, 
mother’s age, the number of rooms in the home, whether the mother spent a 
substantial time away from home, whether the child played video games, and the 
amount of time the child spent watching TV. A multivariable regression model 
containing all the variables was first constructed and then each variable removed one 
at a time to determine the effects on other variables.  They found that season of 
measurement was the strongest predictor of mean activity counts with children more 
active during summer than winter (p<0.001).   
 
Taylor et al (2009) 
Taylor et al
113
 compared total PA (cpm) across all four seasons in New Zealand 
children at age three, four and five years. Linear regression models were fitted to 
determine seasonal variation in mean PA (cpm). Seasonal differences in PA varied by 
age group: children were less active during spring than summer or winter at age three 




(p=0.974 and p=0.383, respectively). At the aged three year measurement, season 
explained 8.7% of the total variance in activity cpm (p<0.001).  
 
King et al (2010) 
King et al
105
 explored 22 potential correlates (including season) of PA and SB in 480 
seven year old UK children. PA outcome variables were tested for normality and 
univariate linear regression analyses were used to determine the relationship between 
season of PA measurement (and other correlates), total PA (cpm), and the percentage 
of time spent in MVPA and SB. Season of measurement was significantly associated 
with PA in the univariate models and was therefore included in a stepwise multiple 
linear regression model. Season remained significant in the final model. The authors 
found that total PA and MVPA were lower in winter, spring, and autumn than in 
summer (p<0.001), and SB was higher in spring, autumn and winter than in summer 
(p<0.001).   
 
3.5.4.12 Summary of findings and discussion 
There are a lack of studies that have investigated seasonal differences in objectively 
measured PA in children using a repeated measures study design
 120 127 129 130 206
.  Even 
fewer studies have used this method to assess seasonal differences in objectively 
measured SB
123 124 128
 and PA patterns
111
.  In those that are available, differences in 
accelerometer protocols, data processing procedures, sample characteristics, study 
designs, seasonal definitions, and geographic regions all restrict the ability for 
researchers to compare findings between studies. However, seasonal differences in 
PA were reported in the majority of studies
52 73 121 123-127 129-132 134
, and in younger 




and children’s PA was highest during summer61 64 108 111 112 and lowest during winter61 
64 106 108 111 112
. Findings from non-UK studies were inconsistent: seasonal variation in 
PA was reported in seven studies, but not in four
 98 99 106 192
.  
 
Few studies evaluated seasonal differences in SB
101 102 106
 independently of total PA. 
Two studies
104 105
 were from the UK, and both compared the seasonal levels of SB 





 found that SB was lower during summer than spring, autumn and winter, 
but one
109
 found no seasonal differences in SB. In addition, only one study
111
 
considered the influence of gender on seasonal variation in PA, and found that season 
influenced gender differentially. Gender differences in PA across season may relate to 
the type of playground activities typically undertaken by boys and girls at school. 
Boys undertake more VPA during play time at school than girls and therefore warm 
summer weather may have an increased impact on the amount of PA that they 
undertake
196
. However, Ridgers et al
197
 found that children’s play time activity does 
not vary across season, so PA undertaken out of school may be influenced to a greater 
extent than PA undertaken during school time.  
 
Limitations across the studies included small sample sizes, inconsistent study designs 









 also discussed the limitations associated with the 
use of accelerometers that have been previously discussed. There were also few 
studies that employed a repeated measures study design, the most appropriate design 
allowing differentiation between seasons and between subjects. The studies included 




representativeness of their findings. There was also limited and conflicting evidence 
regarding gender and age effects on seasonal variation in PA therefore no conclusions 
can be reached on this.  
 
Future studies of seasonal PA in children need to use large samples, employ a 
repeated measures study design, use comparable definitions of season, and use a 
consistent standardised approach to accelerometer measurements. This should include 
the use of a short epoch, presenting count data as well as minutes of MVPA, and also 
consider activities that cannot be measured accurately by accelerometers. Further 
research is also needed to understand seasonal variation in children’s SB and VPA 
independently of total PA so that public health interventions aimed at reducing SB 
and increasing VPA can be targeted at specific times of the year. 
 
Seasonal variation in PA appears to be location specific; therefore additional research 
is needed in different countries and within different regions of larger countries.  
Characteristics that define seasons including the weather, ecology, and hours of 
daylight vary according to country, and even within different regions of large 
individual countries. Regional differences in seasonal variation may reflect variations 
in climate. As the meteorological factors associated with seasons in a specific region 
cannot be altered, there may be a role for future research to study other factors 
associated with variation of PA and SB throughout the seasons. This will enable us to 
understand what encourages a child to be more or less physically active in specific 
seasons. For example, previous research evaluating regional differences in pedometer-
determined PA between urban and rural primary children living in Cyprus found an 




summer, and urban children were more active in winter
198
. To my knowledge, only 





Additional research is needed that examines possible interactions of season with other 
factors known to influence PA and SB such as gender, age, ethnic group, weight 
status and geographic location
13 183-185
. We found some evidence suggesting that 
season influenced children but not adolescents
106
. This may be because adolescents 
have less free time to play outdoors than children; therefore, their PA may be less 
influenced by fluctuations in daylight and weather. Adolescents are also more likely 
to participate in organised PA that tends to take place all year around
199
.  In the 
majority of studies identified for this review, authors reported a measurement of 
weight and several reported the ethnic composition of their sample; however, none 
determined whether seasonal variation in activity were associated with weight status’, 
or ethnic group. It is possible that the influence of season on PA and SB may be 
enhanced in specific ethnic groups, or in overweight children compared to 
underweight children.  
 
3.5.4.13 Key points 
 17 articles were identified that investigated seasonal differences in 
accelerometer-determined PA, and three also investigated seasonal differences 
in SB.  
 Five articles investigated seasonal differences in PA using a repeated measures 





 Seasonal differences in PA were reported in the majority of UK studies: levels 
of PA were normally highest during summer and lowest during winter.  
 Seasonal differences were less likely in older children than younger children. 
 Two articles investigated seasonal differences in children’s SB, but findings 
are inconclusive. 
 Only one article investigating seasonal variation and differences in PA 
patterns was found. 
 Additional studies are needed to understand seasonal variation in children’s 
SB and VPA independently of total PA. 
 Further research is also required to examine the possible interactions of season 

















4  Chapter 4: Methods 
4.1 Chapter overview 
This chapter describes the MCS, and the MCS4 main stage and seasonal 
accelerometer studies. The accelerometer protocol used to measure PA and SB is 
described, and the MCS interview variables used to explore the research objectives 
are also defined.  
 
4.2 Millennium Cohort Study 
4.2.1 Background 
The MCS is a UK wide prospective study of approximately 19,000 British children 
born at the start of the new century
200. The MCS is the fourth of the UK’s world-
renowned national birth cohort studies and was established to study the influence of 
contemporary society on children’s development across the life course. The director 
of the study is Professor Lucinda Platt at the CLS, Institute of Education, University 
of London. 
 
Four sweeps of the MCS have been completed so far, when the children were nine 
months, and three, five and seven years. The fifth sweep of the MCS is currently 
being carried out (2012/3) while the children are aged 11 years. Detailed information 
has been obtained on demographic, social, and health factors relating to the children, 
and the children’s siblings and parents through interviews of the main respondents 
and their partners in the home. The MCS interview questions cover diverse topics 
including parenting, childcare, school choice, child behaviour and cognitive 




and poverty, housing, neighbourhood and residential mobility, social capital and 
ethnicity.  
 
4.2.2 Aim  




 To provide a multi-purpose long-term resource for the research and policy 
community. 
 To chart the initial conditions of the social, economic, and health advantages 
and disadvantages facing children in the new century and their consequences 
 To observe intergenerational transmission of advantage and disadvantage, and 
the processes involved. 
 To compare patterns of development with other British and international 
cohorts. 
 To collect information on previously neglected topics, such as father’s 
involvement.  
 To investigate the wider social ecology of the family, including community 
and services using geo-coded data. 
 
4.2.3 Sampling 
The cohort was taken from a random sample of electoral wards that were 
disproportionately stratified to ensure an adequate representation of all four UK 
countries, disadvantaged areas, and ethnic minority groups.  Sample weights were 




In England, electoral wards (as established in 1998) were categorised as ‘ethnic’ 
(based on the 1991 Census, if at least 30% of residents were from an ethnic minority 
group) and the remainder as ‘disadvantaged’ (above the upper quartile of the Child 
Poverty Index
202
) or advantaged (all remaining wards). In Wales, Scotland, and 
Northern Ireland there was no ‘ethnic’ stratum203. Families were invited to participate 
in the MCS if they received Child Benefit and were a resident in England, Wales, 




4.2.3.1 Sample response 
MCS1 (age 9 months) 
MCS1 comprised 18,819 children (18,553 families; 68% response rate) born between 
September 2000 and January 2001 in England and Wales, and between November 
2000 and January 2002 in Scotland and Northern Ireland
205
. Among the 18,819 
children, 18,296 were singletons, 492 were twins, and 30 were triplets. Data collection 
for the MCS1 took place between June 2001 and September 2002 when the children 
were approximately nine months old. 
 
MCS2 (age 3 years) 
MCS2 occurred when the children were approximately three years old, and comprised 
15,590 families
205
. Children who participated in the MCS1 who did not die or 
permanently emigrate were eligible to participate in the MCS2.  The second sweep 
included an additional 692 families in England who appeared to have been living in 
sample wards at the MCS1, and were therefore eligible for the survey but were not 
originally included
154
. The second sweep of the MCS comprised 15,808 children 




triplets. The MCS2 interviews took place between September 2003 and December 
2004 in England and Wales, and between December 2003 and February 2005 in 
Scotland and Northern Ireland. 
 
MCS3 (age 5 years) 
MCS3 occurred when the children were approximately five years old, and comprised 
15,246 families (79% response rate)
206
.  All children that did not die, did not 
permanently emigrate, or had not permanently refused to take part in previous sweeps 
were eligible to participate in the MCS3. There were a total of 15,460 children in the 
third sweep of the MCS, of which 15,042 were singletons, 388 were twins, and 30 
were triplets. The MCS3 interviews took place between January 2006 and July 2006 
in England and Wales, and between April 2006 and December 2006 in Scotland and 
Northern Ireland. 
 
MCS4 (age 7 years) 
MCS4 interviews took place between January 2008 and August 2008 in England and 
Wales, and between April 2008 and December 2008 in Scotland and Northern Ireland, 
when the children were approximately seven years old. The total sample comprised 
13,857 families (72% response rate
207
) including 30 triplets, 332 twins, and 13,681 
singletons. Families with white cohort children had the highest response rate (74%) 
while those in the other, while those in the ‘other’ (including Chinese and other 
Asian) ethnic-group had the lowest (61%). The majority of singletons in the MCS4 (86%) 
were white (Chapter 7), 51% were boys, 87% were living in households including at least one 
other child and 64% lived in England. The mothers of 38% of children were non-employed, 





Overall, a total of 11,721 (61%) families have participated in all four MCS sweeps 
(Figure 15). The percentage of families who have participated in all MCS sweeps 
ranges from 59% in Scotland to 64% in Wales. 
 
Figure 15: Flow chart showing the number and age of children participating at each 




Research ethics approval for the first three sweeps of the MCS was granted by the 
London Multi-Centre Research Ethics Committee, and for the MCS4, by the Northern 
and Yorkshire Research Ethics Committee (REC number: 07/MRE03/32). 
 
4.2.5 Funding 
The MCS is funded by grants to the CLS from the Economic and Social Research 
Council and a consortium of government departments. 
 
MCS1: 18,819 children aged 9 months 
MCS2: 15,808 children aged 3 years 
MCS4: 14,043 children aged 7 years 
MCS3: 15,460 children aged 5 years 




4.3 Millennium Cohort Accelerometer Study 
4.3.1 Millennium Cohort main stage accelerometer study 
4.3.1.1 Aim 
Accelerometers were introduced into the MCS4 to measure PA and SB. The initial 
objective of collecting accelerometer measurements was to use this data to investigate 
determinants of PA in a contemporary cohort of pre-pubertal primary school aged 
children. There are currently no equivalent longitudinal studies of accelerometer-
determined PA on this scale using pre-pubertal children in the UK. 
 
Information regarding the factors in early life that promote children’s PA is scarce. 
The current recommendations for the minimum amount of daily time children should 
spend in PA are largely based on limited cross-sectional studies that have used self-
reported PA. There has also been increasing government interest in the evidence 
linking SB with negative health outcomes, and whether there is sufficient evidence to 
make recommendations for limiting SB
80
. As a result, the MCS accelerometer data is 
also being used to explore determinants of SB in UK children. Furthermore, the 
primary data collection of accelerometer measurements in the MCS raised awareness 
of a number of methodological considerations in large scale accelerometer-based 
studies and, as a result, the data were used to address some of these issues within this 
thesis.  
 
4.3.1.2 MCS4 accelerometer fieldwork protocol 
MCS4 home interview 
The MCS4 home interviews in England, Scotland and Wales were conducted by the 




Agency. All children taking part in the MCS4 interviews were invited to participate in 
the MCS4 accelerometer study. Parents were given information leaflets and those 
willing for their child to participate in wearing an accelerometer were asked to 
provide written consent. Interviewers then explained how the child should wear the 
accelerometer using a ‘dummy’ activity monitor. They also explained how to fill in 
the timesheet, how and when they should expect to receive their child’s activity 
monitor, and how and when they should return the monitor. Parents were shown 
copies of the timesheet, information leaflet and teacher letter (documents explained 
later in this section). 
 
Obtaining subject information 
Contact details (postal address, and at least a home telephone number, mobile 
telephone number, or e-mail address) of families who gave consent were posted in 
fortnightly batches on a secure exchange portal by the MCS management team at the 
CLS. Waist circumference data were also given to guide selection of belt size. This 
information was imported into a secure password protected Access database (created 
by Dataphiles Limited, West Yorkshire) by researchers at the UCL Institute of Child 
Health (ICH) to enable efficient fieldwork procedures. 
 
The Access database was used for the following functions: 
 To securely store the accelerometer project child identification numbers, names, 
waist circumference measurements and contact details of all consenting children. 
 To automatically generate names and addresses on all cover letters for outgoing 




 To automatically log (as a result of the cover letters being generated) all sent 
accelerometers.  
 To manually log the identification of the accelerometer sent to each child. 
 To automatically generate the identification labels for the timesheets. 
 To manually log all returned accelerometers and timesheets. 
 To automatically generate address labels for feedback certificates.  
 To automatically log (as a result of the feedback certificate labels being generated) 
all feedback certificates sent.  
 To automatically generate address labels for the reminder letters (these were 
generated automatically based on the accelerometer send date and a maximum 
lapsed time for non-return of the accelerometer). 
 To automatically generate contact lists for reminder texts, e-mails or phone calls 
(based on the time lapsed from the accelerometer send date). 
 To manually log any reminder texts, e-mails or phone calls.  
 To manually log any lost or damaged accelerometers. 
 To manually log any activity monitor packs, feedback certificates or reminder 
letters that were returned to the ICH by the postal service without reaching the 
family. 
 To log any children that required their accelerometer to be resent.  









Levels and patterns of PA and SB were measured using the ActiGraph GT1M bi-axial 
accelerometer (ActiGraph, Pensacola, Florida); a small (38 x 37 x 18 mm) and 
lightweight (27g) device.  The ActiGraph GT1M measures acceleration in the vertical   
and anterio-posterior planes in the range of 0.05 to 2 G within a frequency range of 
0.25-2.5 Hz, a range consistent with normal human movement and allows the 
rejection of high intensity vibrations. The Actigraph GT1M contains a solid state 
monolithic accelerometer and uses microprocessor digital filtering. Acceleration is 
summed over a user defined time period (epoch) and reported in the form of an 
activity count. The validity and feasibility of the ActiGraph in large scale studies in 
children has been previously discussed (section 3.5.1.1.2).  
 
The MCS4 interviews took place over a 13 month period which meant that each 
accelerometer could be worn by more than one child.  A total of 4,070 accelerometers 
were purchased based on the speed with which the monitors could be charged, 
distributed, worn, returned and prepared for subsequent use, taking into account 
accelerometer non- returns, loss and repair. Each accelerometer was identified by an 
irremovable label that stated a unique identification number and an ‘if found’ return 
telephone number. The accelerometer number provided an easier identification 
method than the unique serial number stored on the hardware of each accelerometer. 
A list of all accelerometer identification numbers and the corresponding serial 







Accelerometer charging and initializing 
Accelerometers were fully charged by the fieldwork team before being sent out to 
families using multi-hub charging units that were each capable of charging six 
accelerometers at a time. Accelerometers were initialized using ActiLife Lifestyle 
Monitoring System software version 3.8.3 (ActiGraph, Pensacola, Florida). 
Initialization is the process of preparing the accelerometer to collect activity data
208
. 
The following parameters were selected to initialize all accelerometers: 
 Activity (default mode): enabled 
 Sampling epoch: 15 seconds 
 Step count: enabled 
 Flash light: disabled 
 Start date: two days after posting to the families  
 Start time: 05:00 
 Subject information name: Unique child identification number 
 
The shortest possible epoch (based on the number of wear days needed) was selected 
in order to capture the sporadic nature of children’s PA25 93 95. Step count mode was 
selected because the memory and battery size of the ActiGraph GT1M enabled the 
MCS to collect step and count data, and created additional research opportunities. The 
flashing light mode was disabled for two reasons: 1) to conserve the battery life for 






Accelerometers were programmed to start collecting data two days after posting to the 
families because children were asked to start wearing them the morning after they 
received their activity monitor pack (allowing for one day of postage). The start time 
was selected for 05:00 as it was considered that this would be the earliest possible 
time that children would start wearing their accelerometer. A unique child 
identification number (corresponding to the identification stored in the Access 
database) was programmed into the accelerometer until download to ensure that all 
accelerometer data could be linked to the correct child. 
 
Accelerometer distribution protocol 
Due to the geographical disbursement of the MCS children accelerometers and 
corresponding documents were posted to families via Royal Mail first class delivery. 
Accelerometers were sent out in order of interview date unless parents/guardians had 
specifically stated at the interview that a date (within six weeks after interview) was 
not convenient. Distribution occurred between May 2008 and August 2009.  
 
Consenting MCS families were sent a PA monitor pack that contained the following: 
1. Parent cover letter (Appendix G) 
2. Programmed accelerometer (attached to a belt) 
3. Information leaflet (Appendix H) 
4. Time sheet (Appendix I) 
5. Letter for the child’s class teacher (Appendix J)  





The cover letter explained the contents of the activity monitor pack, and briefly 
explained the wear and return protocol, in addition to providing a free-phone 
telephone number for the study. The letter also explained that if the accelerometer was 
lost or damaged families would not be charged for its replacement or repair, but 
should let the researchers at the ICH know. 
 
The information leaflet contained detailed information regarding what the activity 
monitor was, how and when it should be worn, an explanation of the timesheet, what 
to do if they receive the monitor when their child was at school, how they should 
return the monitor and timesheet, information regarding feedback they would receive 
upon return of the accelerometer, and a free-phone telephone number to call if they 
had any further questions.  
 
Families were asked to complete a timesheet, recording the time the accelerometer 
was first put on in the morning and taken off at night, and any periods during the day 
when the accelerometer was not worn (including time spent swimming). Additionally, 
parents were asked to record the amount of time their child spent cycling because the 
ActiGraph GT1M measures vertical accelerations, and cannot accurately assess the 
movement associated with non-ambulatory activities
29
. The timesheet contained the 
unique child identification number and the activity monitor number so that timesheets 
could be linked to a child even when they were returned separately from the 
corresponding accelerometer.  
 
The letter for the child’s class teacher contained details of the child’s involvement in 




also record their child’s monitor identification number to prevent device loss whilst at 
school - particularly important because several schools have more than one MCS 
child. Families were asked at the home interview whether they would like to receive 
one of 11 translated versions (Welsh, Turkish, Hindu, Punjabi, Tamil, Arabic, 
Kurdish, Bengali, Gujarati, Somali, and Urdu) of the parent cover letter, information 
leaflet and timesheet. 
 
Accelerometer wear protocol 
The MCS children were instructed to wear their accelerometer (attached to an 
elasticated belt) on the right hip. Children received either a 26” or 32” sized belt based 
on their waist size. Parents were informed that the monitor should be tightly, but 
comfortably, fitted to their child’s body so that the accelerometer only moved when 
their child’s body moved. They were also instructed to place the activity monitor on 
top of indoor clothing (not outdoor clothing such as coats). Children were instructed 
to wear their accelerometer for seven consecutive days during all waking hours, but 
were asked to remove it during aquatic activities as the accelerometers are not 
waterproof.   
 
Families who informed the ICH that their child had been unable to wear their 
accelerometer as requested, and over a week had passed since they received it were 
asked to return the monitor so that it could be recharged and initialized for a more 
convenient date. Parents/guardians were asked to inform us if their monitor was lost 






Accelerometer return protocol 
Families were asked to return their accelerometer (attached to the belt) and completed 




Three postal reminder letters (Appendix K) were sent at weekly intervals to the MCS 
families who had not returned their accelerometer by three weeks after issue. An 
additional pre-paid envelope was provided with the third reminder letter. The 
reminder letters asked families to return their accelerometer and timesheet as soon as 
possible, and explained that if their child no longer wished to take part in the activity 
monitoring they should still return the activity monitor.  
 
Further weekly reminders were issued by text, e-mail or phone call depending on the 
contact details held. A final reminder letter (Appendix L) was sent to all MCS 
families that had received three reminder letters and either a text, e-mail or phone call 
and had still not returned their accelerometer. The final reminder letter offered the 
family a £10 gift voucher for the return of their accelerometer. If families had lost 
their monitor they were asked to inform researchers by completing and returning an 
enclosed freepost postcard (Appendix M). Figure 16 shows the order and timing of 
the reminders issued to families not returning their accelerometer within the specified 











All parents that returned their child’s accelerometer were sent a feedback certificate 
pack unless they had explicitly stated that the accelerometer had not been worn. The 
feedback certificate pack contained the following: 
1. Certificate (Appendix N) 
2. Set of PA graphs for their child (Appendix O) 
3. Explanation letter (Appendix P) 
 
The certificate was professionally designed and printed in colour, and thanked the 
children for participating in the PA monitoring study. Families were sent a set of 
graphs summarising their child’s PA for every day that the child wore their monitor 
which were generated by an Access macro created by Philip Lindner (Somerset, UK). 
Each graph showed a red line that represented the count value at which MVPA was 




reached so that parents could see the daily amount of time their child met the current 
national PA guidelines.  
 
The explanation letter thanked the family for taking part in the PA monitoring study, 
explained their child’s PA graphs, and also gave a simple explanation of the graphs 
for their children. If the Access macro was unable to create any graphs for the child 
(likely to be because the accelerometer had not been worn but parents had not 
explicitly stated this) the family were sent a certificate and an alternative letter 
(Appendix Q).  
 
4.3.2 Pilot study and dress rehearsal 
A pilot and dress rehearsal study of the accelerometer protocol were completed during 
April 2007 and August 2007 that comprised 38 and 102 children respectively. Two 
reports were written detailing the findings of the pilot study (Appendix A) and dress 
rehearsal (Appendix B).  
 
4.3.3 MCS4 seasonal accelerometer study 
4.3.3.1 Background 
The MCS4 accelerometer study also included a sub-study that investigated seasonal 
variation in levels and patterns of children’s PA and SB. Repeated accelerometer 
measurements were obtained in each of the four seasons during a single calendar year 
from children who had already participated in the MCS4 accelerometer study. The 






4.3.3.2 Seasonal accelerometer fieldwork protocol 
This study adopted the same fieldwork protocol as the main stage study.  
 
Seasonal consent 
All children who wore an accelerometer for the minimum wear period (Section 6.3) in 
the MCS accelerometer study during winter 2008/09 (November 2008 to January 
2009) were invited to participate in the MCS4 seasonal accelerometer study. Parents 
were sent an invitation letter (Appendix R) explaining the purpose of the seasonal 
study and what it would involve for their child. Families were offered a £5 gift 
voucher for each season (£15 total) that their child wore and returned the 
accelerometer. Parents of those willing for their child to participate in the seasonal 
study were asked to sign and return a consent form (Appendix S). 
 
Seasonal accelerometer distribution  
Consenting families were posted an accelerometer at approximately three month 
intervals so that a measurement was made in each season throughout a single calendar 
year. Families were sent a text approximately a week before they were due to receive 
their accelerometer to confirm the suitability of the time period. If this was unsuitable, 
families contacted the researchers at ICH to reschedule a more suitable time. Seasonal 
accelerometer distribution periods were defined as: winter (November 2008 to 
January 2009); spring (February to April 2009); summer (May to July 2009), and; 
autumn (August to October 2009). These definitions are the same as those used by the 
ALSPAC seasonal study
108
, and were chosen to increase our ability to make reliable 




4.3.4 Accelerometer data management 
4.3.4.1 Accelerometer data download 
Data were downloaded from all returned accelerometers unless parents had explicitly 
stated that the accelerometer was not worn. Data were downloaded using the ActiLife 
Lifestyle Monitoring System software version 3.8.3.  
 
4.3.4.2 Accelerometer data processing software 
Data processing software was needed to clean and process the accelerometer files in 
order to produce the activity outcome variables that were used in analyses.  A variety 
of accelerometer data processing software  were tested for suitability, including 
KineSoft (KineSoft, Saskatchewan, Canada; www.kinesoft.org) MAHUffe (Medical 
Research Council  Epidemiology Unit, University of Cambridge; http://www.mrc-
epid.cam.ac.uk/Research/PA/Downloads.html) and a Microsoft™ Access 2000 
programme developed specifically for the ALSPAC. After consideration of the 
available data processing software, researchers at the ICH (lead by Dr Marco Geraci) 
decided to develop their own processing software using algorithms developed in the R 
software environment for statistical computing (version 2.15.1)
209
.  This processing 
software was favoured over others due to the following reasons:  
 Speed - the ability to quickly clean, process and derive outcome variables for 
large volumes of accelerometer data files. 
 Expertise – the statistical and accelerometer expertise at the ICH meant that 
the programme could be personalised to suit the needs of the MCS 




 Modifiable - the ability to stipulate a ‘true’ starting wear date and to change 
all data processing decisions including: the EHCV threshold, non-wear and 
minimum wear time, and activity intensity thresholds. 
 Output - the ease of importing batch reports of outcome variables into 
statistical packages for analyses, and the ability to modify which outcome 
variables are produced throughout the analyses phases.  
 
4.3.4.3 Accelerometer data processing standard operating procedure 
A series of cleaning and processing procedures were applied to the raw accelerometer 
data so that it could be used in subsequent analyses. The ICH researchers developed a 
standard operating procedure specifying a set of processing criteria
210
. Three 
processing stages of increasing level of data refining were identified. 
 
Stage one 
Stage one involved basic data cleaning and checked that the accelerometer metadata 
corresponded to the pre-defined accelerometer initialization parameters (including 
date range, date format, activity mode and epoch). The data were checked for the 
following: files containing all five digit values, files containing all one value, count 
values equal to 32,767, files containing counts that do not return to baseline, and 
negative values
211 212
.   
 
Stage two 
Stage two included time stamping each count and step value using the start time and 




and high end days based on the definition of observational period.  Non-wear was 




The postal distribution and return of accelerometers resulted in a substantial amount 
of monitors being worn later than the programmed start date, and also many that 
continued to record data after the child had finished wearing the monitor (during 
posting).  As a result, low and high end days needed to be excluded from analyses. 
Researchers at the ICH (Francesco Sera and Dr Mario Cortina-Borja) created a 
function using algorithms developed in the R software environment for statistical 
computing (version 2.15.1)
209
 that detected the observational period for each 
accelerometer file. The start and end dates were detected based on a specified amount 
of daily waking time (defined as between 07:00 and 21:59) required to be different 
from zero counts.  
 
A gold standard experiment on a random sample of 582 files was undertaken to test 
the validity of the R function. Using another customised R function, a graph was 
generated for each child showing the recorded count values according to the time and 
date of wear, and the start date for each child was manually selected. The manually 
selected start dates were then compared to the automatically generated start dates.  
Table 11 shows the sensitivity and specificity of the R function to determine the start 
date according to the minimum daily wear time. As the minimal daily wear time 
increased the sensitivity of the  results automatically obtained by the R function 
decreased and the specificity increased, that is, the function’s ability to correctly 




non-wear days as non-wear increased as the minimum daily wear time required 
increased. 
 
Table 11: Sensitivity and specificity of the R function to automatically generate start 
date for accelerometer files 
Minimum daily wear time (min) Sensitivity (%) Specificity (%) 
60 99.4 92.0 
90 98.6 96.9 
120 98.1 98.6 
150 97.6 99.2 
180 96.5 99.6 
 
Based on the results of this experiment the threshold for the observational period was 
set to at least 150 minutes per day. To determine the first and last days of the 
observational period, total wear time for each day was assessed. The first and last 




Stage three included the removal of EHCV, defining reliable accelerometer data 
(according to the minimum daily wear time and the minimum number and distribution 
of wear days), defining SB, LPA, MPA, and VPA, and the creation of the summary 
outcome variables.   
 
EHCV need to be removed prior to data analyses. Section 6.2 will define the threshold 




the MCS to determine whether children wore their accelerometer for a sufficient 
amount of time to be included in analyses. 
  
We conducted our own calibration study in seven year old children (n=53)
213
. All 
children aged seven to eight years attending a North London primary school were 
invited to participate; written consent was obtained from parents prior to participation 
in the study.   
 
The ActiGraph GT1M was calibrated against EE measures (kcal/kg/hour) over a 
range of activity intensities using a COSMED K4b
2
 (COSMED, Rome, Italy) portable 
metabolic unit. This is small (70mm x 50mm x 100mm), lightweight (475g) indirect 
calorimetry system that is worn in a chest harness (Figure 17). Children wore the 
accelerometer on their right hip whilst taking part in seven activities of increasing 
intensity. These activities were selected because they provide a range of activity 
intensities, from sedentary to vigorous, and also reflect typical free-living activities of 
seven year olds. The activities were as follows: 
 
1. Lying down watching a DVD (30 minutes) 
2. Sitting playing a computer game (five minutes) 
3. Slow walking  (five minutes) 
4. Brisk walking (five minutes) 
5. Jogging (five minutes) 
6. Hopscotch (five minutes) 






Threshold values for the accelerometer cpm were defined as less than 100 for SB, and 
100 to 2,240, 2,241 to 3,840, and greater than 3,840 for LPA, MPA, and VPA 
respectively. These thresholds were therefore used when deriving the PA summary 
variables.  
 
Comparison of the MCS activity thresholds with those generated by other studies are 
complicated due to the variation in sample age, criterion measure, accelerometer 
protocol, and the activities undertaken as part of the study. Table 12 compares the 
MCS activity intensity thresholds with those defined by a number of previous studies 
using children of similar ages





Figure 17: The COSMED K4b
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Table 12: Thresholds generated by the Millennium Cohort Study and other calibration 
studies in children  

































SB (cpm) ≤ 800 ≤ 100 - ≤ 100 ≤ 100 
LPA (cpm) 8001-3200 101-2999 - 101-2292 101-2240 
MPA (cpm) 3201-8200 3000-4999 3581-6129 2293-4008 2241-3840 
VPA (cpm) ≥ 8201 ≥ 5000 ≥ 6130 ≥ 4009 ≥ 3841 
 
4.3.4.4 Derived physical activity variables 
Table 13 reports the main PA and SB variables that were generated by our data 




Table 13: Variables created by accelerometer data processing software 
Variable name Variable label 
MCSID MCS Research ID 
DCNUM00 Cohort member number 
MBSTATUS Multiple birth status 
N_DAYS_V Total number of reliable* days  
N_WEDAYS_V Total number of reliable weekend days 
N_WKDAYS_V Total number of reliable week days 
TREGTIME_V Total time worn (minutes) across all reliable days   
TOT_NW_V Total non-wear time across all reliable days (minutes) 
TOTCOUNT_V Total sum of counts across all reliable days 
MNCOUNT_V Daily mean counts across all reliable days 
TOTPATY99_V Total time (minutes)  recorded as extreme high count values  
across all reliable days 
TOTPATY0_V Total time (minutes) spent in sedentary behaviour across all 
reliable days 
MNPATY0_V Mean time (minutes) spent in sedentary behaviour across all 
reliable days 
TOTPATY1_V Total time (minutes) spent in light activity across all reliable days 
MNPATY1_V Mean time (minutes) spent in light activity across all reliable days 
TOTPATY2_V Total time (minutes) spent in moderate activity across all reliable 
days 
MNPATY2_V Mean time (minutes) spent in moderate activity across all reliable 
days 
TOTPATY3_V Total time (minutes) spent in vigorous activity across all reliable 
days 
MNPATY3_V Mean time (minutes) spent in vigorous activity across all reliable 
days 
TOTSTEPS_V Total sum of steps across all reliable days 
MNSTEPS_V Daily mean steps across all reliable days 
CPMR_V Mean counts per minute (reliable days) 
 






Research ethics approval for the MCS4 main stage and seasonal accelerometer studies 
was granted by the Northern and Yorkshire Research Ethics Committee (REC 
number: 07/MRE03/32) and the UCL Research Ethics Committee (REC number: 
1325/ 002) respectively. 
 
4.3.6 Funding 
The MCS4 main stage and seasonal accelerometer studies were funded by the 
Wellcome Trust (grant 084686/Z/08/A). CR was funded by this grant. The MCS 
accelerometer calibration study was funded by the International Centre for Child 
Studies. The Medical Research Council Centre of Epidemiology for Child Health is 
supported by funds from the UK Medical Research Council (grant G0400546). 
Research at the ICH & Great Ormond Street Hospital for Children receives a 
proportion of funding from the Department of Health’s National Institute for Health 
Research Biomedical Research Centres funding scheme.  
 
4.4 Data linkage 
Data obtained from the MCS4 accelerometer fieldwork database had to be linked with 
the derived PA and SB summary variables, which also had to be linked to the MCS1-
4 interview data. Once the MCS4 accelerometer fieldwork was completed, all related 
fieldwork databases, accelerometer files and timesheets were handed over to the data 






The UK Data Archive makes use of a unique MCSID, which is a unique identifiable 
variable for each family involved in the MCS. A second identifiable variable, 
CHILDNO, is used in combination with the MCSID to identify individual cohort 
children. The link between the personal data and the MCSID is only held by the CLS. 
The CLS data management team used mapping files to replace the ICH accelerometer 
fieldwork identifiers with the MCSID (CHILDNO was retained in the database) to 
enable linkage. The MCS1 to 4 interview data were obtained from the UK Data 
Archive, University of Essex, and linked to the accelerometer fieldwork data and 
derived accelerometer variables using STATA 12.1 (Stata Corporation, Texas, USA).  
 
4.5 Interview variables 
The interview variables used in analyses for this thesis are reported in Table 14. The 
majority of these have been previously described
214-216
.  The variables selected for 








Table 14: Millennium Cohort Study variables, sweep of data collection and factor levels of analysis 
Factor  Age of child at data 
collection 
Level for Analysis 
Biological   
Child’s gender 7 years Male; female 
Child’s ethnicitya 7 years White; mixed; Indian; Pakistani/Bangladeshi; black or black British; other 
Child’s BMIb 7 years Underweight/normal weight; overweight/obese 
Social   
Mother’s age at birth (years) 9 months 14-19; 20-29; 30-39; ≥ 40 
Maternal current occupation
c
 7 years Managerial & professional; intermediate; small employers & own account 
workers; lower supervisory & technical; semi- routine & routine; non-
employed 
Maternal highest academic 
qualification  
 
7 years Degree(s)/ post graduate diplomas; higher education/ teaching qualifications/ 
diplomas; A/AS/S-levels; O-levels/GCSE grades A-C; GCSE grades D-G; 
other academic qualifications; none of these 
Lone parent status 7 years Non-lone parent; lone parent 
Number of children in the 
household (including the 
cohort child) 
7 years 1; 2-3; ≥ 4 
Main household language 7 years English only; English and other language; non-English speaking 
Whether anyone smokes near 
the child 
7 years Yes; no 
Whether the mother is in 
work or not 




Main housing tenure 
 
7 years Own outright, own mortgage/loan, part own/mortgage; rent from local 
authority or housing association; rent privately; other 
Type of accommodation 
 
7 years House or bungalow; flat or maisonette; studio, room, bedsit, other 
Household income (per year) 7 years <£10400; £10400-20800; £20800-31200; £31200-52000; >£52000 
Behavioural   
Whether the child has any 
illnesses or disabilities that 
limits activity 
7 years Yes; no 
Number of days a week the 
child participates in sport or 
exercise: parent report 
7 years ≥ 3 days/week; 2 days/week; 1 day/week; less often/not at all 
Number of hours the child 
watches TV on weekdays  
7 years less than an hour/not at all; 1-3 hours; 3-5 hours; > 5 hours 
Whether the child was ever 
breastfed 
9 months Yes; no 
Environmental   
Access to garden 7 years Yes; no 
Ward type  9 months Advantaged; disadvantaged; ethnic 
Government office region 
 
7 years North East; North West; Yorkshire and the Humberside; East Midlands; West 
Midlands; East of England; London; South East; South West; Wales; Scotland; 
Northern Ireland; Isle of Man/Channel Islands  
UK country 
 
7 years England; Wales; Scotland; Northern Ireland 
a 




BMI calculated from weight (measured to the nearest 0.1kg) divided by height (measured to the nearest 0.1cm) squared. BMI categories defined using the 











5 Chapter 5: Accelerometer fieldwork report 
5.1 Chapter overview 
This chapter provides a comprehensive report of the MCS4 main stage accelerometer 
fieldwork including the consent rate, accelerometers sent and returned, reminders 
issued and reliable data acquisition.  The success of using a postal methodology to 
distribute and return accelerometers in the MCS4 is compared to other large scale 
accelerometer studies using face-to-face distribution and return methods. 
 
5.2 Introduction 
The majority of previous large scale accelerometer studies have involved a 
demonstration of the activity monitor to participants and distributed them in the 
context of a face-to-face meeting within a clinic
61 113 130
 or school setting
64 120 123 131 143 
145 149 152 153 158 162 163 166 167
. Although effective, the cost and time constraints of this 
method of data collection can be substantial, particularly in large studies where 
subjects are geographically dispersed. The use of postal methods to distribute and 
return accelerometers has the potential to achieve higher population coverage than 
face-to-face administering and return, whilst also potentially reducing time and 
financial costs. Despite this, there is a lack of studies that have demonstrated the use 
of postal methods to distribute and return accelerometers. Only one large scale study 
has used postal methods to distribute and return accelerometers
17
, and another two 
have shown that accelerometers can be successfully returned by post
61 130
. There are 





Research involving children requires parents to give consent for their child to 
participate in the study. Gaining consent is vital in studies that require personal data to 
be obtained, for example, in postal studies where contact and address details are 
required. The consent rate obtained in previous large scale accelerometer studies in 




. It is 
not known if using a postal methodology to distribute and return accelerometers 
influences consent rate.  
 
PA studies usually ask participants to wear their accelerometer for a fixed period of 
time; normally during all waking hours for seven consecutive days
61 130
. Studies have 
used a variety of reminder methods and incentives to increase the likelihood of 
children wearing and returning their accelerometer as requested. Reminder methods 
that previous accelerometer studies have used include the completion of 
accelerometer wear timesheets, reminder letters and phone calls, and staff visits 
throughout the monitoring period to the contact site (e.g. the school).  Incentives that 
previous accelerometer studies have offered include certificates, toy prizes, money, 
vouchers and graphs showing the child’s activity throughout the monitoring week. 
Despite the use of various reminder methods and incentives, children do not always 
wear their accelerometer for the whole requested time period.  
 
Reliable data acquisition is important for researchers to consider when calculating 
study sample size. Researchers need to account for loss of data from non-consenting 
children, consenting children not returning accelerometers, and from returned 




studies using face-to-face distribution methods the proportion of consenting children 






There is a greater risk to the acquisition of reliable data using postal distribution and 
return methods, compared to face-to-face methods because of the increased reliance 
on external factors such as an efficient postal service and reliance on subjects to return 
their monitors. It is likely that some children will not return their accelerometer, and 
even if children return their accelerometer they may not wear them for a long enough 
time period.  
 
5.3 Aim 
The main aim of this chapter is to provide a report of the MCS4 main stage 
accelerometer fieldwork and to also discuss the success of using postal methods to 
distribute and return accelerometers in the MCS4 compared to alternative distribution 




All children (n=14,043) that took part in the MCS4 main stage interviews. 
 
5.4.2 Statistical analyses 
Summary statistics were calculated using STATA 12.1. Frequencies and percentages 






5.5.1 MCS4 interview 
A total of 19,244 families were eligible for inclusion in the MCS4 interviews, of 
which 13,857 families (14,043 children; 72% response rate) were productive in the 





Table 15: Millennium Cohort Study fourth sweep overall interview response  






Productive 13857 72.0 
Ineligible (emigrant families, deaths) 488 2.5 





Refusals 3516 18.3 
Non-contact 149 0.8 
Other (language problems, 
ill/ incapacitated, deleted/ 
lost data) 
386 2.0 
Total 19244 100.0 









5.5.2 MCS4 main stage accelerometer study 
5.5.2.1 Consent 
Protocol breaches 
The fieldwork team at the ICH received the personal details of 12,816 ‘apparent’ 
consenting children. However, during the course of the MCS4 main stage 
accelerometer fieldwork two protocol breaches occurred relating to a small number of 
families (n=144) who had not given written consent for their child to participate in 
wearing an accelerometer, and as such, their contact details should not have been sent 
to the ICH fieldwork team. The protocol breaches were reported to the research ethics 
committee and are detailed in Appendix T. 
 
Delay in receiving funding 
The MCS4 interviews started in January 2008. Funding for the MCS4 accelerometer 
study was received on 22
nd
 May 2008. The delay in receiving funding resulted in a 
backlog of consenting children awaiting an accelerometer. As a result, the ICH wrote 
to approximately 9,000 families to inform them that there would be a delay in the 
delivery of accelerometers. The apology letter (Appendix U) asked families to contact 
the ICH if they, or their child, no longer wanted to take part in the study. In response 
to this letter, a total of 15 families withdrew consent for their child to participate in the 
study.  
 
Verifying consent variable 
Once the accelerometer fieldwork had been completed, the ICH verified those 
children who were considered to have consented (as their details were given to them 




data management team at the CLS. As a result of this, 114 children were identified by 
the CLS as non-consenters, but their details were sent to the ICH during fieldwork. 
All of these children were sent an accelerometer: 81 were returned and 41 of these 
contained reliable data (section 6.3). The accelerometer data from these children has 
been included in analyses unless otherwise stated. Details of 565 consenting children 
were also not transmitted to the ICH fieldwork team, and therefore, these children 
were not sent an accelerometer.   
 
Sample  
A total of 13,219 out of 14,043 (94.1%) interviewed parents gave consent for their 
child to participate in the MCS4 main stage accelerometer study (Table 16).  
 
Table 16: Millennium Cohort Study main stage accelerometer study consent rate  
Consent 
obtained 





YES Details given to the ICH  12654 90.1 
Details not given to the ICH 565 4.0 
NO Non-consent at interview 665 4.7 
Non-consent but details given to 
ICH in error – identified after 
fieldwork 
114 0.8 
Non-consent but details given to 
the ICH in error-identified during 
fieldwork 
30 0.2 
Withdrew consent following delay 15 0.1 





Children sent an accelerometer 
A total of 12,773 children were sent at least one accelerometer (Figure 18). This 
included 148 children that did not consent but the ICH received their details as a result 
of one of the protocol breaches (n=144), or they withdrew consent following the delay 
in fieldwork (n=4). Accelerometers were sent to 12,625 (95.5%) consenting children; 
29 (0.2%) consenting children were not sent a monitor because the fieldwork team 
were unable to send it during the requested time period (i.e. the date had passed or 
was beyond the study end date), and 565 (4.3%) children were not sent an 
accelerometer because their details were not transmitted to the ICH fieldwork team.  
 
Children returned an accelerometer 
A total of 10,136 out of 12,773 (79.4%) children who were sent an accelerometer 
returned it (this included 10,034 consenting children and 102 children who had not 
consented due to the protocol breach explained earlier in section 5.5.2.1 ). 
 
Children with a saved accelerometer files 
An accelerometer file was saved and processed (i.e. all families that returned their 
child’s final accelerometer unless they had explicitly stated that the accelerometer had 









Children with reliable data 
We obtained reliable accelerometer data (≥ two days, ≥ 360 minutes per day; section 
6.3) from 7,105 children. Reliable data was obtained from 7,064 (53.4%) consenting 
children. 
 
Figure 18 provides an overall summary of children in the MCS4 main stage 




Figure 18: Summary of children in the main stage accelerometer study according to reasons for (non-) consent  
 






Overall, a total of 13,489 accelerometers were distributed to the MCS4 children (Table 17): 
716 extra monitors were distributed because the child’s initial accelerometer was either lost 
(n=150), damaged (n=6), or needed recharging once (n=550) or twice (n=10).  When 
considering only consenting children, a total of 13,336 accelerometers were distributed, 
including 12,625 initial accelerometer sends. 
 
Table 17: Accelerometers sent to the children by sending reason and (non-) consent  
 
 Number of accelerometer sends according  to the 




















YES Details given to the 
ICH 
12625 547 10 148 6 13336 
NO Non-consent but 
details given to ICH 
in error– identified 
after fieldwork 
114 3 0 2 0 119 
Non-consent but 
details given to the 
ICH in error- 
identified during 
fieldwork 
30 0 0 0 0 30 
Withdrew consent 
following delay in 
receiving monitor 
4 0 0 0 0 4 





A total of 10,613 out of 13,489 (78.7%) sent accelerometers were returned (Table 18).   
 
Table 18: Accelerometers returned by the families according to (non-) consent  
 
Figure 19 summarises the accelerometers returned by the MCS families according to the 
sending reason. Families were least likely return their accelerometer if it had been sent after 
their previous accelerometer had been lost (66.0% of those sent following a lost monitor). 
Consent 
obtained 
Reason Number of sent 
accelerometers 
returned (%) 





YES Details given to the ICH 10509 (78.8) 2827 (21.2) 13336 
NO Non-consent but details 
given to ICH in error– 
identified after fieldwork 
84 (70.6) 35 (29.4) 119 
Non-consent but details 
given to the ICH in error- 
identified during fieldwork 
0 (0.0) 4 (100.0) 4 
Withdrew consent 
following delay in 
receiving monitor 
20 (66.7) 10 (33.3) 30 











Reasons for accelerometer (non-) return 
A total of 568 families reported that they or their child had lost the monitor, largely reporting that 
they had not received it in the post, however, 53 (9.3%) of these families subsequently returned 
their lost accelerometer (Table 19). Overall, a total of 515 out of 13,489 (3.8%) sent 
accelerometers were reported lost and not found.  There were 12 accelerometers that were 
reported to be damaged, of which five were returned.  A total of 961 (7.1%) returned 
accelerometers were reported to be not worn, largely because the child or family had 
subsequently changed their mind about taking part in the study. Overall, 585 families contacted 
the ICH to inform the fieldwork team that they needed to return their accelerometer for a 
recharge as their child had not worn the accelerometer as soon as they had received it: 498 
(85.1%) of these families subsequently returned their monitor for a  recharge. There were 26 
accelerometers returned in the post undelivered, either because the addressee was unknown at the 






Table 19: Accelerometers returned and not returned by the children by type of return and sending reason  













Total returned (% of accelerometers 
sent) 
10015 (78.4) 485 (88.2) 8 (80.0) 99 (66.0) 6 (100.0) 10613 (78.7) 
Returned (no other) 8,524 449 5 86 6 9070 
Lost returned 52 1 0 0 0 53 
Returned damaged 5 0 0 0 0 5 
Returned for recharge 488 8 0 2 0 498 
Returned undelivered 25 1 0 0 0 26 
Returned unworn 921 26 3 11 0 961 
Total not returned (% of accelerometers 
sent) 
2758 (21.6) 65 (11.8) 2 (20.0) 51 (34.0) 0 (0.0) 2876 (21.3) 
Not returned (no other) 2,163 55 2 47 0 2,267 
Lost 502 9 0 4 0 515 
Damaged not returned 6 1 0 0 0 7 





5.5.2.4 Reminder methods 
  Reminder letters 
A total of 15,643 reminders letters were sent to the MCS families to encourage return of the 
accelerometers. Table 20 reports the numbers of reminder letters that were sent to families and 






Table 20:  Reminder letters sent and subsequent accelerometers returned by sending reason 
Sending reason 1st reminder 


















Initial send 5972 797 5116 665 4407 1356 
1st recharge 
resend 
64 24 35 10 21 9 
Damaged Resend 0 0 0 0 0 0 
Lost resend 19 5 5 0 4 2 
2nd recharge 
resend 
0 0 0 0 0 0 





Text, phone, e-mail and incentive reminders 
Table 21 summarises the additional reminders issued and the MCS families returning an 
accelerometer after reminder issue. A total of 5,025 phone calls, texts, e-mails, or final 
incentive letters were sent which resulted in 635 accelerometers being returned.  
 
Table 21: Additional reminders issued and subsequent families returning an accelerometer  
Reminder issued Families received 
reminder  
Families returning an accelerometer 
after reminder (%)  
Phone call 225 30 (13.3) 
Text 1690 193 (11.4) 
E-mail 385 48 (12.5) 
Final incentive letter 2725 364 (13.4) 




Overall, a total of 6,970 (54.6%) timesheets were returned by the MCS families (Table 22).  
 
Table 22: Timesheets returned by children according to the sending reason  
Sending reason Children returning 
final timesheet (%) 
Children not returning 
final timesheet (%) 
Initial send 6482 (53.7) 5590 (46.3) 
1st recharge resend 410 (76.6) 125 (23.4) 
2nd recharge resend 4 (40.0) 6 (60.0) 
Lost resend 69 (46.0) 81 (54.0) 
Damaged Resend 5 (83.3) 1 (16.7) 







5.6.1 Summary of fieldwork 
In this nationally representative cohort of UK children, a high proportion of families (94.1% 
of children interviewed; n=13,219) agreed to take part in a study that used postal methods to 
distribute and return accelerometers in order to measure children’s SB and PA. A total of 
13,489 accelerometers were sent to 12,625 consenting children across the UK: 10,613 
(78.7%) of these accelerometers were returned. The use of a postal methodology enabled the 
MCS to acquire a large volume of reliable accelerometer data (n=7,064; 53.4% of consenting 
children). This was achieved with the help of an effective reminder system. The MCS4 main 
stage accelerometer study fieldwork for consenting children is summarised in Figure 20. 
 
Figure 20: Overall summary of children in Millennium Cohort Study main stage 
accelerometer study (consenting children only)  
 
 





5.6.2 Comparison with existing research 
Our ability to compare our findings with other studies is limited as few studies have used 
postal methods to return accelerometers
61 108 130
, and only one study has reported using postal 




The MCS achieved a higher consent rate (91%) than nearly all large scale studies (n=21; 
3.5.1): only the ALSPAC
138
, and rural Saskatchewan children participating in Esliger et 
al’s164 study achieved a higher consent rate (93% and 100% respectively).  The method of 




 reported that 5% of accelerometers were lost when they distributed them by 
post to participants. Despite the use of various reminders, 4% of accelerometers sent to the 
MCS children were reported lost (n=515), and a further 21% (n=2,876) of accelerometers 





 also required subjects to return their accelerometer by post,  however, 
published articles using accelerometer data from these studies have not reported 
accelerometer return or loss. Page et al
145
 distributed and collected accelerometers via school 
visits to 1,300 eleven year old UK children: only 23 (1.8%) children failed to return their 
accelerometer or returned it broken.   
 
We were unable to download data from 27 accelerometers (0.3% of accelerometers returned), 
which was considerably less than the number reported by the ALSPAC who used the older 
ActiGraph 7164 model. Van Coevering et al
132
 also used the ActiGraph 7164 and were 
unable to download data from 9.6% (n=27) of children issued with accelerometers. Few other 
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, and the child forgetting to wear the monitor
160 178 179
.  Studies that have 
distributed and collected accelerometers via school visits have reported data loss due to child 




The MCS obtained a lower proportion (56%; n=7,064) of reliable data from consenting 
children than other large scale accelerometer studies in children using face-to-face 




. The use 
of a postal methodology to return accelerometers may reduce reliable data acquisition due to 
the increased reliance on external factors such as an efficient postal service and relying on 
subjects to return their accelerometers. However, the ALSPAC
138
 obtained reliable data from 
78% (n=5,595) of consenting children that returned their accelerometers via post.  The IOWA 
Bone Development study used postal distribution and return methods and also obtained a 
higher proportion (87%) of reliable data from consenting children (n=368) than the MCS. 
However, the IOWA Bone Development Study was conducted using a smaller and more 
geographically clustered sample than the MCS.  
 
The proportion of children returning reliable accelerometer data is highly dependent on the 
study definition of the minimum wear time threshold (section 6.3). For example, the CHASE 
defined the minimum wear time period as at least one wear day lasting at least 600 minutes 
per day, and obtained reliable data from 97% (n=2,071) of consenting children
64
. The 
NHANES defined the minimum wear time period as at least four days lasting at least 600 
minutes per day, and obtained reliable data from 71% of boys and 69% of girls aged 6 to 11 
years, and from 62% of boys and girls aged 12 to 19 years
130




the same minimum wear time threshold as used by the CHASE then the proportion of reliable 
data obtained by these two studies would be comparable: reliable accelerometer data would 
have been acquired from 95% of 6 to 11 year old boys and girls, and from 91% and 90% of 
12 to 19 year old boys and girls respectively. 
 
The MCS distributed various incentives and reminders to encourage compliance with the 
accelerometer wear protocol and timely return of accelerometers. A total of 6,055 (45%) 
accelerometers sent to the MCS children were issued at least one reminder for its return. 
Other large scale studies have not reported the success of issuing reminders. In addition, 
relatively little systematic research has been conducted to evaluate the best reminder and 
incentive methods to encourage wear and return of accelerometers
208
. To my knowledge, only 
one study
181
 has evaluated the effectiveness of various reminder and incentive strategies on 
reliable data acquisition, and this was done  in a small sample of children (n=87).  
 
5.6.3 Future practice 
Considerable effort before, during and after accelerometer posting is needed to maximise 
return rate, and reduce data and accelerometer loss in studies adopting this method of data 
collection. Prior to starting the study, researchers must determine the number of 
accelerometers required for data collection. Several factors need to be taken into account 
when calculating the number of accelerometers needed, including: the number of children 
receiving accelerometers; the length of the accelerometer wear protocol; the speed that 
accelerometers can be distributed, worn, returned, and prepared for subsequent use (taking 
into account staff availability, reliability of the postal system, available charging units), and; 
the anticipated loss of accelerometers. Researchers are also advised to determine how many 




distributed each day. In addition, they need to decide the most suitable method of 
accelerometer attachment to the children. There were no problems encountered with the use 
of elastic belts in the MCS, with all children given a belt that corresponded to their waist size. 
The accelerometers should also be labelled with an identification sticker for quick reference 
for both researchers and subjects. This is particularly useful if more than one child at the 
same school is wearing an accelerometer at the same time. 
 
In accelerometer studies involving home interviews, it is also advisable to supply the 
interviewers with accelerometers (real or dummy) to demonstrate the correct placement of the 
monitor. Interviewers are also advised to ask the parents if there are any upcoming dates that 
are not suitable for them to receive the accelerometer. Families should be given a free-phone 
number to call if they have any questions or problems before, during, or after the monitoring 
period. 
 
The information documents that accompany the accelerometers must clearly explain the wear 
protocol. To reduce accelerometer loss during posting, ‘return to sender’ information was 
pre-printed on the activity monitor pack envelopes in the MCS. A review by Edwards et al
37
 
evaluated the methods to increase response rates to postal questionnaires and highlighted the 
need to send outgoing mail by first class or recorded delivery post, and to also supply 
subjects with a stamp returned envelope. The present study, as well as several other large 
studies
2;7
 supplied subjects with pre-paid envelopes that provided sufficient strength and 
padding for safe accelerometer return. The outgoing accelerometer packs should also be 





Subjects should be given a timesheet to record the time they put on and took off the 
accelerometer, the length of time they spent swimming and cycling, and the length of time 
that they forgot to wear the monitor. The timesheet can be used to verify compliance with 
accelerometer wear protocols and to troubleshoot any reasons for problem data (e.g. 
distinguishing periods of non-wear from SB)
208
. It also encourages and reminds subjects to 
wear their monitor as requested. The information documents sent to families should remind 
them to enclose their completed timesheet when returning their accelerometer.  
 
It is important in large scale studies that an efficient database is used to enable the timely 
sending of accelerometers and reminders, to track outstanding accelerometers, store subject 
details, and report any correspondence with study families.  Staff must be trained in using the 
database and be able to quickly charge, program, and distribute the accelerometers. 
 
Reminder letters, texts, e-mails, and phone calls are all effective methods to increase the 
likelihood of accelerometer return. Due to the widespread use of mobile phones and the 
internet, text messages and e-mails are a fast and cost effective way to contact subjects. 
Phone calls are more time consuming and within this study often led to answer phone 
messages rather than personal contact. However, when a researcher was able to speak to a 
parent many of them did subsequently return their child’s accelerometer.  Providing an extra 
pre-paid envelope with a reminder letter proved valuable as accelerometer return rate was 
highest after families received their third reminder letter. The financial incentive offered in 
the last resort reminder letter also proved to be an effective method of encouraging families 





Future studies should report the success of their fieldwork so that other researchers can 
compare and learn from previous experience. Further research is also needed to evaluate the 
most effective reminder methods and incentives to encourage the correct wear and timely 
return of accelerometers. Additional research could also investigate whether the distribution 
of all reminders was cost-effective (taking into account, staff, incentive, and postal costs) in 
relation to the number of accelerometer returned as a result of the reminder system.  
 
5.7 Conclusion 
The findings from the MCS accelerometer fieldwork show a good degree of acceptability 
from parents and children in relation to the consent and wear of an accelerometer that was 
distributed and returned by postal methods for the purposes of measuring SB and PA. 
Although large scale accelerometer studies in children using face-to-face distribution 
methods obtained a higher proportion of reliable accelerometer data than the MCS, our study 
demonstrates that a large volume of data can be obtained by using a postal distribution 
methodology. Considerable efforts are required before, during, and after accelerometer 
posting to maximise return rate and reduce the likelihood of data and accelerometer loss. 
 
5.8 Key points 
MCS children  
 13,219 out of 14,043 (94.1%) interviewed parents gave consent for their child to 
participate.  
 Accelerometers were sent to 12,625 (95.5%) consenting children: 10,034 (79.5%) of 
these were returned.  




 Reliable data (≥ two days, ≥ 360 minutes per day) was obtained from 7,064 (53.4%) 
consenting children. 
Accelerometers 
 13,489 accelerometers were distributed to 12,773 MCS4 children (includes 148 non-
consenting children). 
  716 extra monitors were distributed to consenting children because the first 
accelerometer was either lost (n=150), damaged (n=6), or needed recharging once 
(n=550) or twice (n=11).  
 10,613 (78.7%) sent accelerometers were returned. 
 4,558 (42.9%) returned accelerometers were returned without the use of a reminder; 

















6 Chapter 6: Quality control procedures in accelerometer data processing 
6.1 Chapter overview 
This chapter describes a piece of work that uses the MCS4 main stage accelerometer data to 
explore two quality control procedures that researchers need to consider when processing 
accelerometer data. The chapter has two separate studies:  
 Section 6.2  explores EHCV by firstly, proposing an EHCV threshold, and secondly, 
determining: (i) typical error values recorded by the ActiGraph GT1M and the 
consistency of pre-defined accelerometer initializing parameters (e.g. start time and 
date, epoch mode); (ii) frequency of EHCV, and; (iii) the influence of varying the 
approach to determine EHCV on daily estimates of VPA. 
 Section 6.3 proposes a threshold for minimum wear time based on the minimum 
number of hours per day and the minimum number of days of data required from each 
child to achieve reliable estimates of PA in population-based accelerometer studies. 
The influence of gender and the purposeful inclusion of children with and without 
weekend day data are also explored. 
 
The EHCV and minimum wear time thresholds will be used to process the MCS4 
accelerometer data that are used in all subsequent analyses in this thesis. 
 
6.2 Study 1: Identifying extreme high count values 
6.2.1 Introduction 
Technological advances have made accelerometers smaller, lighter, and cheaper. These 
developments, combined with increases in battery life and memory storage, have made 




uncertainties still remain regarding the implementation of accelerometer data processing 
protocols.  
 
Not all studies report whether quality control procedures are undertaken prior to processing 
accelerometer data; when they are undertaken, different protocols are used to exclude entire 
subjects, days, or data within a day. This may threaten the validity of activity estimates, 
potentially introducing biases and increasing measurement errors. In the absence of 
standardised data processing protocols it is difficult to compare activity levels across studies 





Accelerometers are designed to record accelerations within a defined range of movement for 
humans. Signal frequency filtering techniques are employed within devices to exclude 
accelerations unlikely to be generated by human movement, such as those caused by 
electrical noise and mechanical vibrations. Despite this, EHCV can occur, possibly as a result 









 accelerometers have been widely used in 
large scale studies in children. The firmware digital filter in the GT1M is favoured over the 
more error prone hardware digital filter in the ActiGraph 7164
231
. The GT1M may also be 
less prone to recording EHCV because, unlike the 7164, it does not require calibration after it 
leaves the factory. The 7164 model has been reported to record EHCV, including repeated 
values equal to 32,767 which indicate voltage signal saturation within the monitor, at which 
value the accelerometer malfunctions
211 212 232




Previous authors have emphasised the need for quality control procedures to identify typical 
EHCV that may result from monitor malfunctions, participant tampering or human error (e.g. 
errors caused at the time of initializing accelerometers)
208 212
. In order to identify EHCV, a 
threshold is needed that is low enough to exclude EHCV, but high enough to include genuine 
records of VPA. To my knowledge, only a few studies have used
64 114 138 156 212
, and even less 
have proposed
64 138 212
 a threshold value to remove EHCV. Given the impact that very high 
count values are likely to have on estimates of VPA, further clarification on the use of an 
EHCV count threshold is needed. There is also a need to determine typical error count values 




The aim of this study is twofold:  
1. To propose an EHCV threshold based on population-based accelerometer data in 
UK children. 
2.  To use the MCS main stage accelerometer data to:  
a) Determine typical error count values recorded by the ActiGraph GT1M; 
b) Determine the consistency of pre-defined accelerometer initializing 
parameters (e.g. start time and date and epoch mode); 
c) Determine the frequency of EHCV (as defined by the study threshold); 
d) Undertake a sensitivity analysis to investigate the influence of varying the 







Accelerometer data obtained as part of the MCS main stage accelerometer study were used in 
all analyses for this study. Accelerometer data were processed using functions developed by 
Dr Mario Cortina-Borja and Dr Marco Geraci in the R software environment for statistical 
computing (version 2.15.1)
209
. Accelerometer counts were converted from 15 to 60 second 
epochs for ease of comparison with previous studies.  Data from all MCS children who 
returned an accelerometer were included in the analyses unless parents/guardians had 
explicitly stated that the accelerometer had not been worn (n=9,005; section 5.5.2.2). 
 
6.2.3.2 Statistical analysis 
To define the EHCV threshold we developed a procedure based on the sample quantiles of 
the accelerometer counts distribution restricted to positive values only.  Firstly, we estimated 
the empirical quantile function for a fine sequence of probabilities , namely from 0.8 to 
0.999 with 0.001 increments. Secondly, we calculated the first and second derivatives of 
the quantile function. The first derivative is also called the sparsity function and corresponds 
to the reciprocal of the density function. Therefore, the second derivatives of the quantile 
function, which measures its curvature, provides an indication of the rate at which data 
become more sparse (less dense) as the extreme end of the distribution is approached. 
Thirdly, we identified the take-off point of the curvature, which signals the beginning of the 
extreme tail of the distribution where the density of the data starts decreasing rapidly. Finally, 
we defined the EHCV threshold as the upper limit of the one-sided 95% CI for the quantile 
identified in the previous step. Numerical approximation of the quantile function derivatives 




us to use standard errors obtained with a Powell’s234 sandwich estimator. The analysis was 




Accelerometer data were screened for EHCV and  possible error count values including: files 
containing all five digit values; files containing all one value; count values equal to 32,767 
which is the maximum value that the ActiGraph 7164 can record regardless of the specified 
epoch
211 212
;  files containing counts that do not return to baseline
211 212
; and, negative 
values
211 212
. The accelerometer data were also screened to determine whether the metadata 
corresponded to the pre-defined accelerometer initialization parameters (including date range, 
date format, activity mode and epoch). 
 
We undertook a sensitivity analysis to compare three different methods of handling EHCV on 
derived measures of VPA using all MCS children with reliable data.  We summarised VPA, 
first, including all observations. We then excluded EHCV based on our proposed threshold. 
Finally, for each child, we excluded EHCV using a threshold proposed by Owen et al
64
, 
calculated as the median plus 3.5 times the SD of all cpm.  The estimated SD is considered 
robust against large deviations as it was obtained by regressing cpm between the 10
th
 and the 
90
th
 percentile on their corresponding z-scores. Differences between the median daily minutes 
spent in VPA according to these different methods of excluding EHCV were assessed using 
the Jonckheere-Terpstra nonparametric test for homogeneity of medians in a repeated 
measures setting
236
. We used a Bonferroni-type adjustment for pairwise comparisons, thus 






6.2.4.1 Error count values 
Table 23 summarises the number of files identified that recorded error count values. A total 
of 11 (0.12%) MCS children returned accelerometers that contained 237 negative counts 
comprising 211 counts equal to -32,768 in one child. Overall, negative counts were equal to -
-32,768 (234 counts), -32,161 (one count), -21,582 (one count), and -9,049 (one count). Files 
with negative values for counts also had negative values for steps.  There were an additional 
31 children with files that contained all zero counts and who had presumably not worn the 
accelerometer. Files with zero count values also had zero step values. No files were identified 
that contained all five digit values, all one value (except those with zero counts) or count 
values that did not return to baseline. 
 
Table 23: Number of files with error count values 
 Number of files  
(total n processed=9005) 
All zero counts 31 (2,962,154 counts) 
Negative values 11 (237 counts) 
All five digit values 0 
All one value 0 
Counts that do not return to baseline 0 
 
6.2.4.2 Accelerometer programming parameters 
Table 24 summarises the number of files identified that contained incorrectly programmed 
accelerometer parameters. An incorrect date format of mm/dd/yyyy was identified in files 




23 files that were set to mode 0, and therefore only recorded count values. No files were 
found to have an odd number of values. 
 
Table 24: Number of files containing incorrectly programmed accelerometer parameters  
 Number of  files  
(total n processed=9005) 
Incorrect Epoch 0 
Date in mm/dd/yyyy format 22 
Outside date range 2 
Mode set to 0 (count only) 23 
Odd total number of values  0 
 
6.2.4.3 Extreme high count threshold 
A total of 860,932,791 count values were measured by the MCS children, of which 
777,929,003 (90.4%) were zero.  The minimum, maximum and quantile distribution of the 
remaining 83,003,788 non-zero count values are summarised in Table 25. 
 
Table 25: Minimum, maximum and quantile distribution of non-zero count values 
Counts per minute 
Minimum Q1 Q2 Q3 Q90 Q95 Q99 Q995 Q999 Maximum 
1 112 452 1378 2753 3765 6530 9036 22271 31695 
Abbreviation: Q=quantile 
 
Changes in curvature of the quantile function defined the optimal probability threshold as 
0.993 (Figure 21); this corresponded to a quantile estimate of 1,891 counts per 15 second 
epoch with a standard error of 631 counts per 15 second epoch. To account for estimation 




the quantile 0.993. This was converted to cpm using the formula 4 x (1,891 +  z0.95 × 631),  
where z0.95 is the 95% critical value of a standard normal distribution. Based on this 
calculation, we propose a minimum count threshold of 11,715 cpm to define EHCV in large 
scale studies in children. 
 







6.2.4.4 Extreme high count values 
Only 0.7% (581,402 out of 83,003,788) of all non-zero accelerometer counts obtained in the 
MCS children were considered to be EHCV (≥ 11,715 cpm). At least one EHCV was 
observed in 6,459 (71.7%) MCS children: in 8,978 (99.7%) and in 2,550 (28.3%) less than 
1% and 0% of total non-zero counts respectively were classified as EHCV. 
 
6.2.4.5 Sensitivity analysis 
The EHCV threshold value obtained following Owen et al’s64 method was 19,442 cpm 
(4,122 + 3.5 × 4,377). The three estimates of median daily minutes spent in VPA differed 
significantly according to the method used to exclude EHCV (Table 26; Jonckheere-Terpstra; 
p<0.0001). Pairwise, median daily minutes spent in VPA were not significantly higher when 
including all count values  compared to using Owen et al’s64 threshold  to exclude EHCV 
(p=0.08). In contrast, median  daily minutes spent in VPA obtained using our proposed 
threshold  were significantly lower than those estimated without excluding EHCV (p=0.0001; 
6.9 vs. 6.5 minutes per day) and than those estimated when excluding EHCV using Owen et 
al’s64  threshold (p=0.0104; 6.8 vs. 6.5 minutes per day). After adjustment for multiple 
comparisons, conclusions on significance at the 5% level remained unchanged for all 
pairwise tests. 
 
Table 26: Summary statistics and Jonckheere-Terpstra test p-values for daily minutes spent in 
vigorous physical activity using different methods of excluding extreme high count values 
Definition of extreme high 
count value threshold 
Median daily vigorous 
physical activity (minutes) 
Interquartile range 
daily vigorous physical 
activity (minutes) 
(1) None 6.9 2.1, 12.0 
(2) ≥ 19,442 counts per minute64 6.8 2.0, 12.0 








Global test: (1) > (2) > (3) <0.0001  
(1) > (2) 0.0814  
(1) > (3) 0.0001  
(2) > (3) 0.0104  
a
A Bonferroni-type adjustment for multiple comparisons meant that pair-wise p-values needed to be <0.0166 to 




6.2.5.1 Summary of findings 
Based on population-based data, this study proposes a minimum accelerometer count 
threshold of 11,715 cpm be used to define EHCV in accelerometer-based studies of primary 
school aged children’s activity levels using the ActiGraph GT1M. EHCV have been 
investigated in order to determine the influence and occurrences of these values in a large 
scale study of accelerometer-determined PA in children. EHCV of 11,715 cpm or higher 
were observed in a high proportion of children (72%), however, they represented a very small 
proportion of the total non-zero count values (0.7%). Although unusual, malfunction of the 
ActiGraph GT1M can result in both negative and positive error count values. Error counts 
were more likely to be recorded as negative values, with -32,768 being the most common. In 
addition, some manual errors in initialization were identified.   
 
Accelerometer data processing software enables data produced from large scale studies to be 
quickly and reliably processed and summarised as, for example, the time spent each day in 
SB or MVPA. Accelerometer processing software relies on a set of predefined processing 
criteria that are applied to all data files. This study agrees with Matthews et al
208
 that there is 




scale studies: these should include the identification and removal of EHCV and incorrectly 
initialized accelerometers. 
 
This study has also shown that the method used to define and exclude EHCV can 
significantly affect estimates of the daily duration of VPA:  the median daily minutes spent in 
VPA was on average 6.2% greater when EHCV were not excluded from analyses compared 
to estimates obtained using our proposed threshold (≥ 11,715 cpm).  Similarly, significantly 
higher (4.6%) estimates were obtained by using a higher threshold (≥ 19,442 cpm) as 
proposed by Owen et al
64
. However, there were no differences in VPA levels when not 
excluding EHCV compared to using Owen et al’s64 threshold to exclude EHCV. 
 
6.2.5.2 Comparisons with existing research 
A lack of previous studies have proposed a count threshold for EHCV based on population-
based accelerometer data. Furthermore, few population-based studies have reported the use of 
a threshold to remove EHCV, and in those that have, the study sample, accelerometer 
protocols, and thresholds used have varied, with EHCV most commonly removed using a 




 reviewed the methodology of accelerometer-based studies in children 
published in 2003 and 2004, and reported only one large scale study that used a  threshold to 
remove EHCV
157
. As a result, the methodology of all (n=23) large scale (≥ 250 participants) 
accelerometer-based studies of children’s (2 to 18 years) PA published by June 2011 have 
been reviewed: four (13%) were identified that reported removing EHCV
64 114 138 157
.  In the 
EYHS, count values greater than 9 SDs away from the median were removed as these were 






. In the ALSPAC, whole days were considered implausible and removed from 
data analyses if the average daily count values were greater than 3 SDs (1,665 cpm) above 
the mean
138
. In the CHASE, count values 3.5 SD greater than the median were identified as 
‘outliers’ and removed from data analyses64. Neither of these studies provided fuller 
justification for the approach taken to identify EHCV.  Tremblay et al
114
 used a similar 
method to remove EHCV by removing values that were greater than 3 SD from the mean in 
their study of  399 Canadian children aged between 8 and 13 years. By using SD, these 
studies implicitly assume a normal distribution for accelerometer counts; this may not be true, 
and non-parametric quantile-based methods provide a more robust approach. 
 
The threshold defined in this study is lower than that proposed by Esliger et al (15,000 cpm) 
using the ActiGraph 7164
212
.   This threshold was obtained by calculating the mean of the 
maxima of count values (11,555 cpm) in 94 children aged 8 to 13 years. Using this threshold 
they concluded that values equal to or greater than 15,000 cpm would therefore be very rare 
in children.  In contrast, the EHCV threshold proposed by our study was similar to that used 
by Oliver et al
237
 in their study of 200 six year old children using the Actical accelerometer. 
However, Oliver et al
237
 did not justify the reason for using a threshold of 12,000 cpm to 
define EHCV.  
 
Only one study has used observational data to propose an EHCV threshold, but this used the 
Actical accelerometer and used a sample with a very wide age range
230
. Colley et al
230
 
conducted an extrapolation procedure to propose the threshold, using treadmill speed and 
corresponding Actical accelerometer counts in 38 Canadians aged between 9 and 59 years
230
. 
The study proposed a minimum threshold of 20,000 cpm for the Actical, which is 




difference may be due to differences in sample age and size, the different accelerometer 
model used, and/or the alternative analytical methods used in the current study to determine 
the threshold.  
 
Few studies measuring PA in children report the EHCV recorded by accelerometers. 
However, fewer EHCV were recorded by the MCS children (0.12%) than by children 
included in the International Children’s Accelerometry Database211. In the database, 44,454 
‘viable’ accelerometer files obtained from 20 studies worldwide were processed. A total of  
556 (1.2%) files were considered to be ‘spurious’ as they contained at least three consecutive 
counts of the same value that were  greater than nine (with plateaus occurring most often at 






 inspected seven days of accelerometer data from 987 Canadians aged between 
six and 79 years. In agreement with our study, the authors found that EHCV were very 
unusual with almost none exceeding 20,000 cpm. On the rare occasions when excessively 
high count data (≥ 28,404 cpm) were identified, the entire recording was found to be 
completely unusable because of accelerometer malfunction. 
 
The maximum count value recorded in a study using the ActiGraph 7164 was similar (31,346 
cpm) to that recorded in this study (31,695 cpm)
212
. Count values did not plateau at 32,767
211 
212
 in our data, or at any other high count value in the ActiGraph GT1M, in contrast to reports 
based on the ActiGraph 7164.   However, the ActiGraph GT1M did occasionally malfunction 
by recording negative values, in particular, a count value of -32,768. The ActiGraph GT1M is 
a 16-bit machine with the potential to store and record signed values from -32,768 to 32,767 
(±2
15




filter that was not incorporated in the 7164. The GT1M also has an improved capacity to 
measure at higher frequencies than the 7164 because it filters acquired data within a 




No other published study has compared different approaches to excluding EHCV on 
estimates of VPA. An evidence-based recommendation for the duration of time children 
should spend in VPA has not yet been made but is likely to rely on evidence from 
accelerometer-based studies
60
. It is therefore important that such studies adopt a consistent 
approach to identifying and excluding EHCV as this study has shown that this may introduce 
significant and systematic biases in estimates of VPA. This study has also shown that levels 
of VPA can be overestimated by not using a threshold to define and exclude EHCV, or by 
using one that is too high. Conversely, a threshold that is too low will underestimate levels of 
VPA. This is a well-known trade-off  in statistics; if the threshold is set too high the bias in 
approximating EHCV decreases, but the variance of estimates of the proportion of values 
exceeding this threshold increases due to smaller number of observations
239
.  If the threshold 
is too low, the variance decreases as we would have more observations, but the bias increases 
as we would have a poorer representation of truly implausible values. 
 
6.2.5.3 Strengths and limitations 
This is the first study to report an EHCV threshold in the ActiGraph GT1M using population-
based accelerometer data in pre-pubertal children. The study design, accelerometer protocol, 
and analytical methodologies employed in our study have enabled us to define a robust 
threshold to identify EHCV. Uniquely, our threshold has been applied in a large population-
based accelerometer study to determine frequencies of EHCV, and determine the influence of 




Furthermore, our  method uses the higher values of the quantile function to define EHCV  (≥ 
11,715 cpm) as opposed to that used by Owen et al
64
, which is based on average count values 
and thus yields a conservative threshold (≥ 19,442 cpm). We used non-parametric quantile-
based methods as opposed to parametric methods as they allowed us to investigate the 
distribution of the counts without making untenable assumptions (e.g. normality).   
 
Studies have shown that counts measured by the ActiGraph 7164 and GT1M reach a peak at 
very high running frequencies in adults
231 240
. Fudge et al
240
 recommended that the frequency 
range of filtering in an accelerometer must include the maximum frequency elicited during 
running, and the sampling frequency must be twice this frequency;  the ActiGraph 7164 and 
GT1M may fall short of this recommendation
231
. However, physiological differences in 
children mean that they do not reach the high running frequencies elicited in adults; this study 
did not identify clustering around EHCV.  It is therefore unlikely that without further 
research the findings of this study can be reliably extended to adult populations.   
 
As this study investigated EHCV which result from accelerometer malfunction or misuse 
rather than plausible human activity, our methodology should be applicable for use in all 
childhood populations. However, our proposed threshold is specific to the ActiGraph GT1M 
and may not be applicable in different accelerometer models.  Accelerometers vary in cost, 
feasibility, validity and reliability; thus each model may require a different threshold value to 
define EHCV.  
 
6.2.5.4 Recommendations for study practice and further research 
This study has shown that EHCV and error count values can be recorded by accelerometers. 




researchers undertake quality control processes prior to processing accelerometer data in 
large scale studies. Error count values should be evaluated during fieldwork so that failing 
monitors are not re-issued. Researchers should check that issued accelerometers were 
correctly initialized. Incorrectly initialized accelerometers need to be dealt with appropriately 
prior to analyses, for example, by transforming data from one epoch to another. This is 
particularly important for studies using software to process large volumes of accelerometer 
data because pre-defined parameters are usually inputted into the software to enable data 
processing.  Using the proposed EHCV threshold will enhance quality control checks by 
removing implausible count data and improving the validity of VPA estimates. If researchers 
do not remove EHCV this may lead to an overestimate of the amount of time children spend 
in VPA with implications for evidence used to set and assess adherence to guidelines
60
. These 
differences may be even more marked if bouts of activity are accumulated to meet such 
guidelines.   
 
Future research should determine if the EHCV threshold proposed by the current study is 
applicable in adults and in different accelerometer models. Furthermore, the current threshold 
may not be applicable in high performance athletes, particularly as they are likely to achieve 
more extreme count values, so further research would be required for studies involving these 
populations. Although beyond the scope of this study the removal of identified EHCV may 
be dealt with through imputation methods
133
; future research is needed to explore the 
applications of imputation methods for EHCV. 
 
6.2.6 Conclusion 
Accelerometer data collection is normally completed before any data quality control checks 




error count values throughout fieldwork so that faulty monitors are not re-issued. During 
fieldwork, researchers also need to ensure that the accelerometers are correctly initialized.  It 
is also crucial for population-based studies to integrate a core set of quality control 
procedures prior to data processing, including the identification of EHCV, typical error count 
values, and incorrectly initialized accelerometers. Using a minimum count threshold of 
11,715 cpm will enhance data cleaning in studies collecting ActiGraph GT1M determined 
measurements of PA in children by ensuring only plausible data are analysed, thus improving 
the validity of VPA estimates. 
 
6.2.7 Key points 
 Accelerometer malfunctions can occur; error count values and EHCV can be recorded 
in large scale studies, in addition to incorrectly programmed accelerometers. 
 Researchers should check for error count values throughout fieldwork so that faulty 
monitors are not re-issued. 
 Studies also need to ensure that accelerometers are initialized correctly before 
distribution.  
 EHCV need to be identified prior to analyses: using a minimum count threshold of 
11,715 cpm will enhance data cleaning in studies using the ActiGraph GT1M. 
 If researchers do not remove EHCV this may lead to an overestimation in the amount 
of time children spend in VPA each day.  
 The proposed EHCV threshold is specific to the ActiGraph GT1M and may not be 
applicable in other accelerometer models.  





6.3 Study 2: Defining minimum wear time  
6.3.1 Introduction 
In population-based studies children are asked to wear their accelerometer for a fixed period 
of time, typically during all waking hours for seven consecutive days
61 130 158
. Despite various 
incentives and reminders, children rarely wear their accelerometer for this entire period. As a 
result, researchers need to determine whether each child wore their accelerometer for long 
enough to provide a reliable estimate of PA and be included in analyses. This can be achieved 
by defining the minimum number of minutes per day and the minimum number of days that 
the accelerometer needs to be worn by each child.   
 
Researchers need to produce the most reliable estimate of PA using the maximum amount of 
data. The duration of daily wear time must be long enough to remove days when the 
accelerometer was not worn but short enough to prevent unnecessary days being removed 
from analyses, and the number of days the accelerometer needs to worn by each child must 
provide a reliable estimate of children’s habitual PA.   
 
Daily wear time normally includes all waking periods in which non-wear is not identified, 
and is usually determined by specifying a threshold that defines the minimum length of time 
that the accelerometer must be worn each day. No single value has been used by large scale 
studies in children to define the minimum daily wear time and the minimum number of wear 
days required by each child to be included in analyses (section 3.5.3). 
 
There are few studies that have explored the influence of varying the thresholds used to 
define the minimum daily wear time and the minimum number of wear days on derived 
estimates of PA. However, Edwardson et al
226




time had a significant influence on the time that 311 children aged between 7 and 11 years 
spent in MVPA, MPA, LPA and SB (p<0.05): greater levels of all intensities of PA were 
associated with longer daily wear times. However, no statistically significant differences by 
daily wear time threshold were observed for any intensity of PA in 12 to 16 year olds 




 explored the influence of varying the minimum number of wear days (between 
three and seven days) and the minimum daily wear time (between 10 and 12 hours per day) 
on estimates of PA and SB in 242 women aged between 40 and 70 years. The most stringent 
thresholds used to define the minimum wear period reduced the sample size: varying the 
minimum daily wear time had the greatest effect on sample size. Levels of SB, LPA, and 
MVPA increased slightly as the number of accelerometer wear days required by each child to 
be included in analyses increased. Tucker et al
228
 also explored the influence of varying the 
thresholds used to define minimum daily wear time (8, 10, and 12 hours per day) and the 
minimum number of wear days (three, five, and seven days) on the acquisition of reliable 
data and estimates of MVPA in 7,086 adults participating in the NHANES. The proportion of 
participants returning reliable data ranged from 12.5% (n=884) to 85.9% (n=6,090) and the 
mean (SD) time spent in MVPA ranged from 33.6 (±52.7) to 38.4 (±66.0) minutes per day 
when using varying wear time thresholds. Mean daily levels of MVPA increased when the 
minimum number of wear days, and the minimum daily wear time used to define the wear 
period increased. 
 
Reliability determines the consistency of a set of measurements or of a measuring 
instrument
241
. When evaluating the reliability of accelerometer measurement the variability 
of PA over time is assessed, and reflects measurement error and real change
186




have explored the influence of varying the minimum daily wear time threshold on the 
reliability of accelerometer-determined PA measurement
138 188
. Researchers have investigated 
the influence of varying the minimum number of days required by each child to be included 
in analyses on the reliability of PA measurement but their findings are inconsistent, and study 




There are substantial gender differences in children’s PA61 64 152, however, previous research 
investigating the influence of varying the thresholds used to define minimum wear time have 
combined data from boys and girls. Previous research has also found that children’s PA 
varies between weekdays and weekend days
109
. Week and weekend days are likely to provide 
different opportunities for children to be active. Despite this, few studies
64 109 242
 have 
considered the distribution of wear days when exploring the reliability of PA measurement. 
 
Given the impact that these data processing procedures can have on derived activity 
variables, further clarification on data cleaning methods is needed for researchers using these 
devices
227-229
. Esliger et al
212
 emphasised the need for studies to evaluate within- and 
between- day variations in PA and in particular how these vary by gender.   
 
6.3.2 Aim  
The aim of this study was to propose a threshold for the minimum number of hours per day 
and the minimum number of days of data required from each child to achieve reliable 
estimates of PA in population-based accelerometer studies. The influence of gender and the 







Accelerometer data obtained as part of the MCS main stage accelerometer study were used in 
all analyses for this study. Data from all singletons who returned an accelerometer with at 
least one hour of wear time data (periods in which non-wear was not identified) were eligible 
for inclusion in our analyses (n=7,704; Table 27).  
 
6.3.3.2 Statistical analysis 
Accelerometer data were processed using algorithms developed in R software environment 
(version 2.15.1)
209
.   All analyses were repeated using different samples depending on 
whether children met the varying threshold used to define wear time based on the minimum 
daily wear time (one to ten hours) and the minimum number of wear days (one to seven 
days).  Analyses were conducted for boys and girls combined, and separately. Analyses were 
also repeated separately for children that did, and did not, have at least one weekend wear day 
(of at least ten hours wear). This wear time period was chosen because it is most often used 
by large scale studies in children to define the minimum daily wear period
61 64 130 158 164
.   
 
The reliability of accelerometer-determined mean daily cpm was calculated using the 
Spearman-Brown prophecy formula
243 244
 based on the ICC as a measure of reliability.  The 
distribution of mean daily cpm was skewed so the Box-Cox family of transformations were 
used to account for non-normality
245
. The asymmetry parameter in this family was chosen by 
maximising the profile log-likelihood using the R function boxcox
246
. A linear mixed-
effects model was fitted to the transformed cpm using the MCS survey and non-response 
weights to account for the clustered sampling and attrition between contacts
247




ICC were calculated from the fitted linear mixed-effects models using the R function 
ICC1.lme
248
.   
 
Single-day ICC values were then used to calculate the influence of shortening or lengthening 
the monitoring period on the reliability of PA-measurement using the Spearman-Brown 
prophecy formula defined as: 
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We used heatmaps to produce graphical representations of reliability trends by minimum 
daily wear time and minimum number of wear days. 
 
6.3.4 Results 
6.3.4.1 Total sample 
A total of 7,704 MCS children returned an accelerometer containing at least one hour of wear 





Table 27: Number of children included in analyses according to minimum daily wear time and minimum number of wear days for the total 
sample and by gender (boys, girls) 
 
  ≥ 1 hour ≥ 2 hours ≥ 3 hours ≥ 4 hours ≥ 5 hours ≥ 6 hours ≥ 7 hours 
≥ 1 day 
7704 7579 7499 7431 7323 7184 7110 
3815, 3889 3738, 3841 3694, 3805 3667, 3764 3601, 3722 3520, 3664 3472, 3638 
≥ 2 days 
7454 7370 7258 7120 6985 6916 6865 
3675, 3779 3631, 3739 3583, 3675 3503, 3617 3417, 3568 3376, 3540 3356, 3509 
≥ 3 days 
7153 7000 6894 6820 6755 6708 6657 
3493, 3660 3419, 3581 3364, 3530 3321, 3499 3292, 3463 3269, 3439 3237, 3420 
≥ 4 days 
6898 6775 6703 6635 6569 6504 6442 
3364, 3534 3309, 3466 3270, 3433 3240, 3395 3208, 3361 3171, 3333 3141, 3301 
≥ 5 days 
6704 6590 6527 6452 6358 6269 6171 
3268, 3436 3210, 3380 3181, 3346 3148, 3304 3104, 3254 3058, 3211 3016, 3155 
≥ 6 days 
6510 6399 6316 6205 6080 5898 5677 
3172, 3338 3125, 3274 3088, 3228 3040, 3165 2984, 3096 2899, 2999 2794, 2883 
≥ 7 days 
6282 6146 6020 5781 5411 4951 4504 
3061, 3221 2996, 3150 2953, 3067 2841, 2940 2667, 2744 2453, 2498 2246, 2258 
≥ 8 days 
5878 5650 5323 4596 3252 1902 1062 
2878, 3000 2781, 2869 2633, 2690 2278, 2318 1632, 1620 958, 944 523, 539 
≥ 9 days 
5309 4728 3620 2090 857 335 177 
2612, 2697 2327, 2401 1789, 1831 1048, 1042 427, 430 178, 157 95, 82 
≥ 10 days 
2891 1706 868 412 176 91 67 







≥ 8 hours ≥ 9 hours ≥ 10 hours ≥ 11 hours ≥ 12 hours ≥ 13 hours ≥ 14 hours 
≥ 1 day 
7031 6964 6853 6647 5955 4136 1003 
3442, 3589 3409, 3555 3351, 3502 3250, 3397 2942, 3013 2087, 2049 1140, 1003 
≥ 2 days 
6784 6677 6528 6142 4841 2449 872 
3315, 3469 3262, 3415 3188, 3340 3023, 3119 2443, 2398 1294, 1155 493, 379 
≥ 3 days 
6567 6408 6181 5513 3716 1421 392 
3203, 3364 3132, 3276 3021, 3160 2749, 2764 1919, 1797 794, 627 218, 174 
≥ 4 days 
6327 6120 5776 4768 2722 802 216 
3083, 3244 2989, 3131 2845, 2931 2428, 2340 1451, 1271 437, 365 122, 94 
≥ 5 days 
5993 5689 5033 3738 1750 438 129 
2932, 3061 2801, 2888 2528, 2505 1932, 1806 940, 810 240, 198 67, 62 
≥ 6 days 
5337 4807 3903 2456 883 232 86 
2634, 2703 2402, 2405 1993, 1910 1283, 1173 473, 410 134, 98 44, 42 
≥ 7 days 
3972 3202 2177 1077 327 100 37 
2000, 1972 1657, 1545 1156, 1021 594, 483 187, 140 56, 44 19, 18 
≥ 8 days 
625 381 214 111 49 27 13 
319, 306 205, 176 119, 95 64, 47 28, 21 15, 12 6, 7 
≥ 9 days 
111 76 45 32 20 13 8 
61, 50 44, 32 27, 18 19, 13 11, 9 7, 6 3, 5 
≥ 10 days 
46 33 28 19 15 8 6 





The reliability of PA measurement was influenced by the minimum daily wear time and the 
minimum number of days of data required by each child for inclusion in analyses (Table 28). 
Reliability coefficients increased as the minimum number of days required by each child for 
inclusion in analyses increased (between one and ten days) and also increased as the 
minimum daily wear time increased from at least one hour per day up to, but no more than, at 
least eight hours per day.   
 
Reliability was low when children with at least one day lasting between one to three hours 
were included in analyses (36% to 40%). Reliability coefficients varied depending on the 
minimum daily wear time required when children with at least one wear day were included in 
analyses: reliabilities peaked at 76% when including children with at least one wear day 
lasting at least eight to at least ten hours per day. PA measurement was more reliable when 
children with at least two days or greater were included in analyses. Measurement reliability 
values of at least 90% were achieved when the following thresholds were used to define 
which children were included in analyses: at least three days lasting at least eight hours per 
day, at least four or five days lasting at least six hours per day, and at least six days lasting at 
least five hours per day (90%, 90%, 92%, and 90% respectively). As defined by the 
Spearman-Brown prophecy formula, the most reliable measure of PA (97%) was achieved 
when children with at least nine or ten days lasting from at least eight to at least ten hours per 
day were included in analyses. For a minimum reliability coefficient fixed at 80%, the sample 
size was maximised when children with at least two days lasting at least six hours per day 







































≥ 1 day 0.36 0.36 0.40 0.50 0.61 0.69 0.74 0.76 0.76 0.76 0.73 0.66 0.57 0.51 
≥ 2 days 0.53 0.53 0.57 0.67 0.76 0.82 0.85 0.86 0.86 0.86 0.84 0.80 0.73 0.67 
≥ 3 days 0.63 0.63 0.67 0.75 0.83 0.87 0.89 0.90 0.90 0.90 0.89 0.86 0.80 0.75 
≥ 4 days 0.69 0.69 0.73 0.80 0.86 0.90 0.92 0.93 0.93 0.93 0.92 0.89 0.84 0.80 
≥ 5 days 0.74 0.74 0.77 0.83 0.89 0.92 0.93 0.94 0.94 0.94 0.93 0.91 0.87 0.84 
≥ 6 days 0.77 0.77 0.80 0.86 0.90 0.93 0.94 0.95 0.95 0.95 0.94 0.92 0.89 0.86 
≥ 7 days 0.80 0.80 0.82 0.87 0.92 0.94 0.95 0.96 0.96 0.96 0.95 0.93 0.90 0.88 
≥ 8 days 0.82 0.82 0.84 0.89 0.93 0.95 0.96 0.96 0.96 0.96 0.96 0.94 0.91 0.89 
≥ 9 days 0.84 0.84 0.86 0.90 0.93 0.95 0.96 0.97 0.97 0.97 0.96 0.95 0.92 0.90 
≥ 10 
days 










Figure 22: Heatmaps illustrating sample sizes and reliabilities (%) according to minimum daily wear time and minimum number of wear days 






























































































































































































































































































































































When reliability coefficients were calculated separately for boys and girls the results 
followed a similar trend in both genders to that found for the total sample (Figure 23). 
Reliabilities were again influenced by the minimum daily wear time and the minimum 
number of wear days. The reliability of PA measurement exhibited a minimal gender-related 
trend: measurement was slightly more reliable in girls than boys for nearly all combinations 
of minimum daily wear time and minimum number of wear days. For example, the reliability 
of measurement using data from children with at least two days lasting at least six hours per 
day was high in both genders, but reached 80% in boys compared to 81% in girls. The most 
reliable measure was achieved in boys when children with at least nine or ten days lasting 
from at least seven to at least 11 hours per day (96%) were included in analyses, and in girls 












6.3.4.3 Inclusion of weekend day  
Total sample 
Table 29 and Table 30 reports the number of children that were included in analyses with and 
without at least one day of weekend data (≥ ten hours) according to the minimum daily wear 
time and the minimum number of wear days for the total sample and by gender. A total of 
2,414 singleton children (31.3% of all singletons returning data) returned an accelerometer 
that contained at least one day of data (≥ one hour) but no weekend day data. At least one 
weekend days’ worth of data (≥ ten hours) was obtained from 5,290 singleton children (68.7 




Table 29: Number of children without at least one day of weekend data derived according to minimum daily wear time and minimum number of 
wear days for the total sample and by gender (boys, girls) 
 
  ≥ 1 hour ≥ 2 hours ≥ 3 hours ≥ 4 hours ≥ 5 hours ≥ 6 hours ≥ 7 hours 
≥ 1 day 
2414 2289 2209 2141 2033 1894 1820 
1180, 1234 1103, 1186 1059, 1150 1032, 1109 966, 1067 885, 1009 837, 983 
≥ 2 days 
2167 2086 1975 1839 1706 1641 1596 
1042, 1125 999, 1087 951, 1024 872, 967 787, 919 748, 893 732, 864 
≥ 3 days 
1883 1733 1631 1560 1504 1466 1425 
870, 1013 799, 934 746, 885 705, 855 681, 823 664, 802 638, 787 
≥ 4 days 
1650 1534 1468 1413 1364 1314 1263 
751, 899 700, 834 663, 805 640, 773 617, 747 587, 727 561, 702 
≥ 5 days 
1484 1389 1338 1280 1216 1156 1089 
666, 818 619, 770 598, 740 572, 708 540, 676 508, 648 484, 605 
≥ 6 days 
1347 1259 1198 1131 1056 955 830 
599, 748 566, 693 541, 657 511, 620 477, 579 432, 523 378, 452 
≥ 7 days 
1225 1140 1061 942 790 622 465 
548, 677 507, 633 480, 581 428, 514 358, 432 282, 340 208, 257 
≥ 8 days 
1071 947 851 653 414 218 95 
474, 597 422, 525 383, 468 297, 356 199, 215 105, 113 43, 52 
≥ 9 days 
873 712 511 284 116 40 14 
389, 484 317, 395 234, 277 134, 150 54, 62 21, 19 6, 8 
≥ 10 days 
447 258 131 60 22 10 6 






(Table 29 continued) 
  ≥ 8 hours ≥ 9 hours ≥ 10 hours ≥ 11 hours ≥ 12 hours ≥ 13 hours ≥ 14 hours 
≥ 1 day 
1741 1674 1563 1421 1097 569 115 
807, 934 774, 900 716, 847 644, 777 502, 595 254, 315 103, 115 
≥ 2 days 
1521 1421 1302 1090 634 201 55 
693, 828 644, 777 586, 716 495, 595 294, 340 103, 98 28, 27 
≥ 3 days 
1344 1223 1060 769 336 89 18 
605, 739 552, 671 470, 590 358, 411 161, 175 48, 41 10, 8 
≥ 4 days 
1180 1039 822 491 173 31 6 
516, 664 458, 581 372, 450 238, 253 88, 85 17, 14 1, 5 
≥ 5 days 
973 790 454 230 56 9 2 
431, 542 357, 433 212, 242 116, 114 29, 27 1, 8 NA, 2 
≥ 6 days 
650 412 61 25 9 1 NA 
290, 360 183, 229 28, 33 9, 16 4, 5 NA, 1 NA, NA 
≥ 7 days 
293 127 17 9 4 NA NA 
136, 157 64, 63 10, 7 5, 4 2, 2 NA, NA NA, NA 
≥ 8 days 
44 11 4 2 1 NA NA 
20, 24 4, 7 2, 2 1, 1 NA, 1 NA, NA NA, NA 
≥ 9 days 
9 3 1 NA NA NA NA 
4, 5 2, 1 1, NA NA, NA NA, NA NA, NA NA, NA 
≥ 10 days 
4 1 NA NA NA NA NA 





Table 30: Number of children with at least one day of weekend data derived according to minimum daily wear time and minimum number of 
wear days for the total sample and by gender (boys, girls) 
  ≥ 1 hour ≥ 2 hours ≥ 3 hours ≥ 4 hours ≥ 5 hours ≥ 6 hours ≥ 7 hours 
≥ 1 day 
5290 5290 5290 5290 5290 5290 5290 
2635, 2655 2635, 2655 2635, 2655 2635, 2655 2635, 2655 2635, 2655 2635, 2655 
≥ 2 days 
5287 5284 5283 5281 5279 5275 5269 
2633, 2654 2632, 2652 2632, 2651 2631, 2650 2630, 2649 2628, 2647 2624, 2645 
≥ 3 days 
5270 5267 5263 5260 5251 5242 5232 
2623, 2647 2620, 2647 2618, 2645 2616, 2644 2611, 2640 2605, 2637 2599, 2633 
≥ 4 days 
5248 5241 5235 5222 5205 5190 5179 
2613, 2635 2609, 2632 2607, 2628 2600, 2622 2591, 2614 2584, 2606 2580, 2599 
≥ 5 days 
5220 5201 5189 5172 5142 5113 5082 
2602, 2618 2591, 2610 2583, 2606 2576, 2596 2564, 2578 2550, 2563 2532, 2550 
≥ 6 days 
5163 5140 5118 5074 5024 4943 4847 
2573, 2590 2559, 2581 2547, 2571 2529, 2545 2507, 2517 2467, 2476 2416, 2431 
≥ 7 days 
5057 5006 4959 4839 4621 4329 4039 
2513, 2544 2489, 2517 2473, 2486 2413, 2426 2309, 2312 2171, 2158 2038, 2001 
≥ 8 days 
4807 4703 4472 3943 2838 1684 967 
2404, 2403 2359, 2344 2250, 2222 1981, 1962 1433, 1405 853, 831 480, 487 
≥ 9 days 
4436 4016 3109 1806 741 295 163 
2223, 2213 2010, 2006 1555, 1554 914, 892 373, 368 157, 138 89, 74 
≥ 10 days 
2444 1448 737 352 154 81 61 






  ≥  8 hours ≥ 9 hours ≥ 10 hours ≥ 11 hours ≥ 12 hours ≥ 13 hours ≥ 14 hours 
≥ 1 day 
5290 5290 5290 5226 4858 3567 888 
2635, 2655 2635, 2655 2635, 2655 2606, 2620 2440, 2418 1833, 1734 1037, 888 
≥ 2 days 
5263 5256 5226 5052 4207 2248 817 
2622, 2641 2618, 2638 2602, 2624 2528, 2524 2149, 2058 1191, 1057 465, 352 
≥ 3 days 
5223 5185 5121 4744 3380 1332 374 
2598, 2625 2580, 2605 2551, 2570 2391, 2353 1758, 1622 746, 586 208, 166 
≥ 4 days 
5147 5081 4954 4277 2549 771 210 
2567, 2580 2531, 2550 2473, 2481 2190, 2087 1363, 1186 420, 351 121, 89 
≥ 5 days 
5020 4899 4579 3508 1694 429 127 
2501, 2519 2444, 2455 2316, 2263 1816, 1692 911, 783 239, 190 67, 60 
≥ 6 days 
4687 4395 3842 2431 874 231 86 
2344, 2343 2219, 2176 1965, 1877 1274, 1157 469, 405 134, 97 44, 42 
≥ 7 days 
3679 3075 2160 1068 323 100 37 
1864, 1815 1593, 1482 1146, 1014 589, 479 185, 138 56, 44 19, 18 
≥ 8 days 
581 370 210 109 48 27 13 
299, 282 201, 169 117, 93 63, 46 28, 20 15, 12 6, 7 
≥ 9 days 
102 73 44 32 20 13 8 
57, 45 42, 31 26, 18 19, 13 11, 9 7, 6 3, 5 
≥ 10 days 
42 32 28 19 15 8 6 





Reliability coefficients increased as the minimum daily wear time and the minimum number 
of wear days increased in both children with and without weekend data (Figure 24). 
Reliabilities were slightly higher when only children with weekend data were included in 
analyses, compared to children with only weekday data, when wear time was defined as at 
least four hours per day up to 13 hours per day for all numbers of wear days. For example, 
when children with at least two days lasting at least six hours per day were included in 
analyses reliability was high in both children with and without weekend data but reached 
78% in children with only weekday data compared to 83% in children with weekend data. 
The most reliable measure was achieved in children with only weekday data when they 
recorded at least ten days lasting from at least nine to at least ten hours per day (96%) and in 
children with at least one weekend day of data when they recorded at least eight days lasting 
from at least seven to 11 hours per day (97%). 
 
Reliabilities calculated when including only children with weekend data available were 
similar to those calculated when not purposely sampling children based on whether or not 
they had weekend data for all combinations of minimum daily wear times and number of 
wear days.  For example, the reliability of mean daily cpm calculated from children with at 
least two days of data lasting at least six hours per day was 83% in children with at least one 







Figure 24: Heatmaps illustrating reliabilities (%) for children with and without at least one day of weekend data according to minimum daily 






A total of 1,180 singleton boys (30.9% of all singleton boys returning data) and 1,234 
singleton girls (31.7% of all singleton girls returning data) returned an accelerometer that 
contained at least one day of data (≥ one hour) but no weekend data. At least one weekend 
days’ worth of data (≥ ten hours) was obtained from 2,635 singleton boys (69.1% of all 
singleton boys returning data) and from 2,655 singleton girls (68.3% of all singleton girls 
returning data). 
 
Reliabilities (%) for mean daily cpm derived for boys and girls without at least one day of 
weekend data, and for boys and girls with at least one day of weekend data according to the 
minimum daily wear time and number of wear days are presented in Figure 25 and Figure 26. 
The reliability of PA measurement exhibited a small gender-related trend when purposely 
sampling children based on whether they did or did not have at least one weekend day of 
data.  Measurement was slightly more reliable in girls than boys when analyses only included 
data from children with at least one weekend wear day using nearly all combinations of 
minimum daily wear time and number of wear days. In contrast, measurement tended to be 
slightly more reliable in boys than girls when analyses only included data from children with 
weekday wear days. For example, when children with only weekday data and at least two 
days lasting at least six hours per day were included in analyses reliability was moderately 
high in both genders but reached 78% in boys compared to 76% in girls. In contrast, when 
children with at least one weekend day of data and at least two days lasting at least six hours 
per day were included in analyses reliability was high in both genders but reached 81% in 





Reliabilities calculated when including only boys or girls with or without weekend data 
available were similar to those calculated when not purposely sampling by gender, but for the 
total sample based on whether or not they had weekend data for all combinations of 
minimum daily wear times and number of wear days.   However, reliabilities calculated when 
including boys with only weekday data were slightly higher than those calculated for both 
genders with only weekday data. In contrast, reliabilities calculated when including only boys 
with at least one weekend day of data were slightly lower than those calculated for both 
genders with at least one weekend day of data. Reliabilities calculated when including girls 
with only weekday data were slightly lower than those calculated for both genders with 






Figure 25: Heatmaps illustrating reliabilities (%) for boys and girls without at least one day of weekend data according to minimum daily wear 































































































































































































































































































































































Figure 26: Heatmaps illustrating reliabilities (%) for boys and girls with at least one day of weekend data according to minimum daily wear time 































































































































































































































































































































































6.3.5.1 Summary of findings 
A threshold of at least two days lasting at least six hours per day can be used to screen 
subjects who provide reliable estimates of PA in population studies of older primary school 
aged children. This threshold provided the highest sample size for a fixed minimum 
reliability of 80% (n=6,916; reliability 82%). The 80% threshold has also been used by 
previous studies exploring the influence of varying the wear time threshold on the reliability 
of PA measurement
120 188
. Both the minimum daily wear time and the minimum number of 
wear days required by each child for inclusion in analyses influenced the reliability of PA 
measurement. However, reliability coefficients increased as the minimum daily wear time 
increased from at least one hour per day up to, but no more than, at least eight hours per day. 
Reliabilities were similar for both genders, although measurement in girls was slightly more 
reliable than boys for nearly all combinations of minimum daily wear time and minimum 
number of wear days. 
 
Reliabilities were slightly higher for children with weekend data compared to children with 
only weekday data. However, the purposeful sampling of children with at least one weekend 
day of data resulted in similar reliabilities for all wear time thresholds to those calculated 
when using the total sample independent of weekend wear. Therefore, our results suggest that 
population data should encourage the measurement of PA on weekend days, but the 






6.3.5.2 Comparisons with existing research 
Only two previous studies have explored the influence of varying the minimum daily wear 
time and the minimum number of days of data required from each child to be included in 
analyses. In contrast to our study, Mattocks et al
138
 and Penpraze et al
188
 found that the 
minimum daily wear time had less influence on reliability than the number of wear days. 
Penpraze et al
188
 found that  measurement reliability remained relatively stable using at least 
three hours per day up to, but no more than, at least ten hours per day in  five to six year old 
children. For example, the reliability of measurement using data from children with at least 
four days lasting from at least three to at least ten hours per day was 69%, but dropped to 
38% when using data from children with at least four days lasting from at least 13 hours per 
day. The authors reported lower reliabilities than those calculated in the present study
188
: 
defining wear time as at least seven days lasting at least ten hours per day produced the 
highest reliability (80%, 95% CI=70%, 86%). Only a 51% reliability was reported by 
Penpraze et al
188
 when using our recommended wear time threshold (≥ two days lasting ≥ six 
hours per day), however, this study used a small geographically clustered sample (n=76) and 
only included children with seven complete days of PA monitoring which has the potential to 




 also investigated the influence of varying the threshold used to define wear  
time on the reliability of accelerometer-determined PA measurement in 5,595 eleven year old 
children. They found that the reliabilities remained constant using varying daily wear 
durations (between seven and ten hours) but while the number of wear days required per 
child to be included in analyses remained constant. For example, when using daily wear 
durations of at least 10, 9, 8, and 7 hours per day and the maximum number of wear day’s 




reported lower reliabilities than our study using the same thresholds to define wear time: 
children with at least 12 days lasting at least seven hours per day of data produced the highest 
reliability (90%). However, the ALSPAC used a threshold of at least three days lasting at 
least ten hours per day to define minimum wear time despite the reliability of measurement 
reaching only 70% when using data from children meeting this threshold. It is possible that 
the reliabilities found by the ALSPAC are lower than this study because their sample 
included secondary-school aged children who are less likely to have consistent daily activity 
programmes but more likely to have weekly physical education lessons or sports clubs than 
the primary-school aged children participating in the MCS who have consistent daily breaks 
and lunch times.   
 
The results of our study suggest that there are between- as well as within- day variation in our 
sample of children. Several non-population based studies have found differences in children’s 
daily PA between different time periods
120 126 250
. Trost et al
120
 found two distinct time 
periods to characterise weekday PA activity in six to eight year olds (from 07:00 to 10:59, 
and 11:00 to 21:00). Participation in MVPA was consistent within each time block but 
different between the two periods, therefore requiring at least six hours per day to 
characterise daily PA will reduce the potential for bias by measuring activity in both time 
periods. Jago et al
250
 reported three distinct time periods to characterise weekly PA in 12 year 
old children: children (particularly boys) were more active on weekend and weekdays 
between 15:00 and 19:00 than between 06:00 to 15:00 and 19:00 to 24:00. It is possible that 
the reliabilities found by Penpraze et al
188
 differ to this study because their sample included 





A number of articles have investigated the reliability of PA measurement using varying 
numbers of wear days without considering the influence of varying the daily wear length. The 
findings of these studies vary greatly, and are dependent on the age of the children and the 
study design. Studies have found that reliabilities of 80% were achieved when including 
children with a greater number of days of accelerometer data than calculated by our study. 




 wear days were required from preschool children 




 wear days were required from children (aged 




 wear days were required from adolescents (aged 13 to 18 
years). Despite these findings, other large scale accelerometer studies have included children 
with only one day of data in analyses
64 134
. For example, the Trial Activity for Adolescent 







 found that between four and five, and eight and nine wear days (a day was 
included if zero counts were indicative of sleeping time) were required to achieve 
measurement reliabilities of at least 80% in children and adolescents respectively. Murray et 
al
134
 found that five or six wear days would provide a reliable (80%) estimate of minutes of 
MVPA in  12 to 14 year old girls. Janz et al
186
 found that reliabilities for cpm and the 
percentage of daily time spent in SB, MPA, and VPA ranged from 42% to 47%, 69% to 73% 
and 81% to 84% when including children in analyses with one, three or six wear days (ten 
hours per day) respectively. Treuth et al
28
 found that a minimum of seven wear days (lasting 
at least 1,000 minutes per day) were required to reliably estimate children’s habitual PA in 
eight to nine year old girls. Nader et al
129
 calculated the reliability of PA measurement in 9, 
11, 12 and 15 year olds: reliabilities of 73% and 81% for minutes of MVPA were found when 





To my knowledge, there have been no published studies exploring the influence of gender on 














 require at least one weekend wear day for a child to be included in analyses. 
However, only a few studies have explored the influence of the distribution of wear days on 
the reliability of PA measurement in children
188
. In agreement with this study, Penpraze et 
al
188
 found that the purposeful inclusion of children with weekend data had little effect on 
reliability estimates: using data provided by children with four days wear including a 
weekend day compared to using data provided by children with four week days of data 
reduced reliability estimates minimally from 84% to 82%. Mattocks et al
138
 did not explore 
the influence of purposely sampling children based on weekend wear, but in agreement with 
other studies
64 109 242, they found that children’s PA differed on weekend days compared to 
weekdays: mean weekday cpm were slightly higher than mean weekend cpm.  
 
Only one previous large scale study has evaluated the influence of varying the number and 
distribution of accelerometer wear days on the reliability of population estimates of PA. In 
contrast to our study, McClain et al
229
 found that stable estimates of population PA can be 
obtained from only one randomly selected day out of a possible sampled week in 2,532 adults 
(aged 20 years). However, in agreement with our study, they also found that the purposeful 
sampling of subjects which forces the inclusion of a weekend day is not necessary. 
 
6.3.5.3 Strengths and limitations 
This is the first study to explore the influence of varying the minimum daily wear time and 
the minimum number of wear days on the reliability of PA measurement in a large scale UK-




may have been overestimated because of violations in the assumptions associated with the 
ICC formula
208 251
. However, we have shown that high reliability values can be attained from 
children with a relatively small number of days and hours of wearing time. We are also 
confident that the study design, accelerometer protocol, and analytical methodologies 
employed here enable us to define a robust definition of wear time. Accelerometer data often 
follow a skew distribution, and it is important to account for this asymmetry to achieve the 
normality assumption required to correctly compute the ICC. Our ICC values also take into 
account the MCS survey and non-response weights. Uniquely, we have also explored the 
influence of gender and the distribution of wear days on the reliability of PA measurement. In 
doing so, we used data from a large, contemporary, socially and ethnically diverse cohort of 
children from all four UK countries. 
 
Our proposed wear time threshold may not be applicable for use in different ages
120
. PA 
levels vary according to age, and children’s PA is very different to adult’s PA in many 
respects
130
; it is therefore unlikely that without further research the findings of this study can 
be used in adult populations. Previous studies have found that the number of wear days 
required to provide reliable estimates of PA differs according to the child’s age120. Reliability 
values may be dependent on the derived PA outcome variable. However, studies have found 
similar reliability values for PA measurement when accelerometer data were expressed as 
cpm or as the percentage of time spent in different activity intensities
186 188
. For example, 
Janz et al
186
 found that the reliabilities varied by only 2% (ICC: 0.75 to 0.77) when 
accelerometer-determined activity was expressed as either cpm, or the frequency of SB, MPA 
or VPA. Our study used an epoch of 15 seconds to collect data. Even shorter epochs can now 
be used to obtain activity data for an extended number of days. As a result, our proposed 




a 15 second epoch may influence the reliability of PA measures, particularly when deriving 
estimates of VPA.  
 
6.3.5.4 Recommendations for study practice and further research 
It is important that researchers using accelerometer data only analyse data from children that 
meet a pre-defined wear time threshold. Using the proposed threshold will enhance quality 
control processes by ensuring that only children who provide enough data to reliably estimate 
weekly PA are used in analyses without compromising sample size. If population studies do 
not screen accelerometer data prior to processing this may lead to unreliable estimates of 
children’s habitual activity levels with implications for evidence used to set and assess 
adherence to government guidelines
60
. The proposed threshold is appropriate for use in boys 
and girls, although studies using samples of only girls may be able to use a less stringent 
definition than studies including both genders. It is important that subjects are asked to wear 
their accelerometer over an entire day, and that both weekdays and weekend days are 
requested in the monitoring period. However, the purposeful inclusion of children with 
weekend data in analyses is not necessary. 
 
Future research should be aimed at calculating whether the proposed threshold is applicable 
across different age groups and in studies deriving different PA outcome variables. 
Furthermore, this study suggests that the inclusion of data from children with at least two 
days of accelerometer data (lasting at least six hours per day) out of a possible seven day 
monitoring period provides a reliable estimate of population-based estimates of PA. Further 
research is required to determine whether this is applicable in studies that ask children to 
wear their monitor for only two days. Bias may be introduced when data from children with 




sampled from a possible seven day week. Although beyond the scope of this study, the 
removal of children that do not meet the wear time threshold may be dealt with through 
imputation methods
133
, and future research is needed to explore such approaches to adjust for 
potential bias introduced by removing unreliable data. 
 
6.3.6 Conclusion 
It is important for population-based studies to integrate a core set of quality control 
procedures prior to deriving activity outcome variables: this should include the screening of 
data using a wear time threshold. Using a threshold of at least two days lasting at least six 
hours per day will enhance data quality by ensuring that only data from children providing 
reliable estimates of PA are analysed, thus improving the validity of derived estimates of PA. 
This threshold is applicable in seven to eight year olds and in population-based studies that 
monitor children over a full week including the weekend. It is unnecessary to only include 
children with weekend data in analyses. 
 
6.3.7 Key points 
 Both the minimum daily wear time and the minimum number of wear days required 
by each child for inclusion in analyses influenced the reliability of PA measurement.  
 A wear time threshold of at least two days lasting at least six hours per day is 
recommended in population-based studies to screen data where children are measured 
over a full week.  
 The reliability of PA measurement exhibited a minimal gender-related trend: 
measurement was slightly more reliable in girls than boys for nearly all combinations 




 Reliabilities were slightly higher for children with weekend data compared to children 
with only weekday data.  
 The purposeful sampling of children with at least one weekend day of data resulted in 
similar reliabilities for all wear time thresholds to those calculated when using the 
total sample independent of weekend wear. Therefore, sampling of subjects which 
forces the inclusion of weekend data in all children is not necessary. 
 Further research is required to determine whether the proposed threshold is applicable 





7 Chapter 7: Predictors of non-response   
7.1 Chapter overview 
This chapter describes a study investigating the biological, social, behavioural, and 
environmental factors relating to the child, and the child’s family, that predict the following 
factors in the MCS4 main stage accelerometer study: 
1. Study non-consent  
2. Non-return of accelerometers 
3. Non-receipt of reliable accelerometer data 
 
7.2 Introduction 
The use of a postal methodology to distribute and return accelerometers enabled the MCS to 
achieve higher population coverage than would have been possible using face-to-face 
distribution methods. However, this method led to a lower proportion of consenting children 
returning reliable data than obtained by other large scale studies in children using face-to-face 
distribution and return methods (Chapter 5)
61 64 130
.   
 
Accelerometer data was not obtained from a proportion of the MCS children because of non-
consent, consent being obtained but the accelerometer not being returned, and the accelerometer 
being returned but not being worn for long enough. Although non-response is a problem for 
nearly all large scale studies, the use of a postal methodology may increase data loss and 
potentially introduce bias into study findings. Lack of face-to-face contact with researchers may 
reduce motivation for participation, or involve uncertainty for participants relating to the 




efficient postal service. The concern for researchers is that children who provide reliable data 
have different characteristics to those that don’t. As a result, inferences about the population that 
are based on the observed sample will not be the same as those based on the target sample
252
.   
 
Few studies have investigated predictors of non-consent in large scale accelerometer studies in 




 have been 
investigated. No large scale accelerometer studies using postal distribution methods have 
evaluated predictors of consent, and only one has evaluated differences between children that did 
and did not return reliable data
17
. Gender, age and ethnic differences between children who did 
and did not provide reliable accelerometer data are well investigated in studies using face-to face 
distribution methods
17 64 123 130 132 138 145 149 180 181
 but findings are inconsistent, possibly due to 
differences in study design, accelerometer protocol or study populations (e.g. age differences). 
There are also few studies
149 180
 that have investigated PA differences between children that did 
and did not provide reliable accelerometer data, and none that have evaluated differences in SB.   
 
Further research is needed to determine the factors associated with non-response in large scale 
studies using a novel postal distribution and return methodology. This would enable researchers 
to minimize non-response, and also reduce the effect of bias through modification of analytical 
methods. The MCS provides a unique data source that can address this evidence gap as the 
accelerometer data can be linked to a rich set of biological, social, behavioural and 
environmental factors relating to the child, and the child’s family; these data are available for all 
cohort children independent of whether they provided study consent, returned their 





The aim of this study was to investigate the biological, social, behavioural and environmental 
predictors of non-response resulting from study non-consent, and non-return of accelerometers 




All singleton children that took part in the MCS4 main stage interviews (n=13,681).  
 
7.4.2 Statistical analysis 
All analyses were conducted in STATA 12.1 and weighted using MCS survey and non-response 
weights to account for attrition between contacts and adjusted for the clustered sample design. 
Twins and triplets were not included in the analyses because data were unintentionally not coded 
to allow the interview and accelerometer data for twins and triplets to be accurately linked. 
Sample sizes and weighted percentages were calculated for the total sample, and stratified for 
consenting and non-consenting children, and for children who did and did not return their 
accelerometer and provide reliable accelerometer data, according to the following potential 
predictor variables (described in Section 4.5):  
 
Biological 
 Child’s gender 
 Child’s ethnicity  





 Mother’s age at birth 
 Maternal occupation  
 Maternal highest academic qualification 
 Lone parent status 
 Number of children in the household  
 Main household language 
 Whether anyone smokes near the child 
 Whether the mother is in work or not 
 Main housing tenure 
 Type of accommodation 
 Household income 
Behavioural 
 Whether the child has any illnesses or disabilities that limits activity 
 Number of days a week the child participates in sport or exercise 
 Number of hours the child watches TV on weekdays 
 Whether the child was ever breastfed 
Environmental 
 Access to garden 
 Ward type 





All potential predictor variables were entered into unadjusted logistic regression models.  P-
values were obtained from adjusted Wald tests.  Multicollinearity was investigated to determine 
which variables should be included in the adjusted logistic regression models because several of 
the variables reported similar concepts. Multicollinearity occurs when two or more predictor 
variables in a multiple regression model are highly correlated
254
. When high multicollinearity is 
present, standard errors tend to be high, CIs tend to be very wide and t-statistics tend to be very 
small. As a result, coefficients will have to be larger to be statistically significant, therefore 
making it harder to reject the null hypothesis. This investigation was achieved by examining the 
bivariate correlations between all potential predictor variables, and calculating the variance 
inflation factors (VIF). The VIF is an index that measures how much the variance of an 
estimated regression coefficient is increased because of collinearity
255
. VIF values were 
calculated using the formula 1/(1-R
2
) after regressing each potential predictor variable against all 
other variables (where R is the correlation coefficient between two variables); VIF values greater 
than 2.5 are often considered a concern
255
. Multicollinearity was evident between ‘maternal 
occupation’ (VIF: 2.83) and ‘whether the mother was in work or not’ (VIF: 2.54; correlation 
coefficient=0.78), and between ‘government office region’ (VIF: 2.49) and ‘country’ (VIF: 2.53; 
correlation coefficient= 0.77). Each of these variables was removed from the model, one at a 
time, and VIFs recalculated. The removal of ‘whether the mother was in work or not’ and 
‘government office region’ reduced any signs of multicollinearity. 
 
All remaining variables were entered into three separate adjusted logistic regression models to 




accelerometers and reliable data. P-values were obtained from adjusted Wald tests to determine 




7.5.1.1 Unadjusted analyses 
Biological, social, behavioural and environment factors were all associated with study consent in 
the unadjusted models (Table 31). Pakistani, Bangladeshi, and Indian children were almost half 
as likely to consent compared to white children. Several social factors were associated with non-
consent including mothers who were not working, mothers without a degree, households with 
only one child or an income of less than £10,400, households that spoke another language apart 
from English, and children who did not have people smoking near them. Children with a limiting 
illness or disability were half as likely to provide study consent compared to those without a 
limiting illness or disability. Children who exercised less than once a week or had never been 
breastfed were also less likely to consent. Consent was also less likely for children from ethnic 




Table 31: Weighted percentages and sample sizes for total singletons interviewed (n=13,681), consenting (n=12,872) and non-
consenting singletons (n=809), adjusted and unadjusted odds ratios (95% CI) and p-values for predictors of consent 








OR (95% CI) p-value OR (95% CI) p-value 
ALL 100.0 (13681) 94.5 (12872) 5.5 (809)     






















































0.59 (0.32, 1.08) 
0.58 (0.35, 0.96) 
0.61 (0.45, 0.82) 
0.67 (0.41, 1.09) 










0.57 (0.30, 1.10) 
0.91 (0.45, 1.84) 
1.06 (0.67, 1.70) 
0.64 (0.36, 1.14) 
































Social        
Mother’s age at birth (years) 
              14-19 
              20-29 
              30-39 

















0.87 (0.61, 1.26) 
1.02 (0.87, 1.19) 
1 







1.01 (0.69, 1.48) 
1.14 (0.95, 1.36) 
1 







Managerial & professional 
Intermediate 
Small employers & own 
account workers 
Lower supervisory & 
technical 































1.08 (0.73, 1.58) 
1.03 (0.68, 1.55) 
 
1.08 (0.62, 1.88) 
 
0.88 (0.64, 1.21) 












1.21 (0.80, 1.85) 
1.15 (0.74, 1.77) 
 
1.26 (0.67, 2.38) 
 
1.03 (0.73, 1.46) 













Maternal academic qualification 
Degree(s)/ post graduate 
diplomas 
Higher education/ teaching 
qualifications/ diplomas 
A/ AS/ S-levels 
O-levels/ GCSE grades A-C 
GCSE grades D-G 
Other academic quals. 


































0.88 (0.63, 1.22) 
 
0.88 (0.61, 1.25) 
0.83 (0.63, 1.10) 
0.77 (0.52, 1.13) 
0.66 (0.39, 1.10) 














0.81 (0.56, 1.17) 
 
0.84 (0.56, 1.26) 
0.81 (0.57, 1.13) 
0.72 (0.47, 1.10) 
0.73 (0.43, 1.24) 




















































0.73 (0.59, 0.90) 
1 






0.82 (0.64, 1.05) 
1 







English and other  















0.56 (0.43, 0.72) 







0.68 (0.46, 1.00) 





































Whether mother is in work or not 
             In work or leave 




















Main housing tenure 
             Own outright, full or part 
             mortgage/loan                                                                         
             Rent local authority/housing 
              association  
             Rent privately 























0.93 (0.72, 1.20) 
 
1.30 (0.94, 1.80) 











1.23 (0.90, 1.70) 
 
1.49 (1.01, 2.20) 








Type of accommodation 
            House or bungalow 

























            Studio, room, bedsit, other 0.4 (49) 99.7 (48) 0.3 (1) 17.2 (2.78, 106.5) 0.002 NA NA 
Household income 
            <£10400 
            £10400-20800 
            £20800-31200 
            £31200-52000 




















0.56 (0.39, 0.80) 
0.78 (0.58, 1.06) 
0.76 (0.57, 1.00) 








0.73 (0.46, 1.16) 
1.02 (0.71, 1.49) 
0.99 (0.72, 1.37) 








Behavioural        
Disability or illness that limits 
activity 
             No 
             Yes 
 
 


























Frequency of sport or exercise  
             3 or more days/week 
             2 days/week 
             1 day/week 


















1.02 (0.76, 1.38) 
0.80 (0.61, 1.07) 








1.12 (0.82, 1.52) 
0.87 (0.65, 1.19) 






Hours per weekday child watchesTV 
            less than an hour/not at all 
            1-3 hours 
            3-5 hours 


















0.91 (0.72, 1.14) 
1.30 (0.92, 1.83) 








0.90 (0.70, 1.16) 
1.37 (0.97, 1.93) 






Child ever breastfed 
            No  




















Environmental        
Access to garden 
            No 





















            Advantaged 
            Disadvantaged 















0.80 (0.62, 1.05) 







0.89 (0.66, 1.21) 





Government office region 
             North East 
             North West 
             Yorkshire and Humberside 

















0.42 (0.16, 1.06) 
0.54 (0.28, 1.03) 
0.36 (0.18, 0.73) 













Missing data: child’s ethnicity (101); child’s BMI (340); maternal occupation (288); maternal academic qualification (4); smoking near child (85); housing tenure 
(139); accommodation (21); household income (20); frequency of sport (70); TV viewing (76); access to garden (21) 
             West Midlands  
             East of England 
             London 
             South East 
             South West 
             Wales  
             Scotland 
             Northern Ireland 




























0.66 (0.32, 1.34) 
0.86 (0.41, 1.77) 
0.44 (0.23, 0.85) 
0.52 (0.26, 1.03) 
1 
0.49 (0.26, 0.91) 
0.46 (0.24, 0.88) 












            England 
            Wales 
            Scotland 


















0.87 (0.65, 1.15) 
0.83 (0.60, 1.17) 








0.97 (0.71, 1.33) 
0.73 (0.51, 1.03) 









7.5.1.2 Adjusted analyses 
After controlling for other predictor variables, consent remained significantly less likely for 
children who did not have people smoking near them and children with a limiting illness or 
disability (Table 31). Consent was also less likely for children who had access to a garden, and 
those who lived in Northern Ireland.  
 
7.5.2 Accelerometer return 
7.5.2.1 Unadjusted analyses 
Biological, social, behavioural and environmental factors were all associated with accelerometer 
return in the unadjusted models (Table 32). Accelerometer return was less likely from boys, and 
children who were overweight/obese, or mixed, Pakistani, Bangladeshi, or black ethnicity.  
Accelerometers were also less likely to be returned by younger mothers (<30 years at the birth of 
the cohort child), mothers who were in semi-routine occupations or were unemployed, mothers 
without a degree, lone parents, households with one or four or more children, households that 
spoke English and another language, children who had people smoking near them, children who 
lived in any type of rented accommodation, or not in a house or bungalow, and households with 
an income of less than £31,200. Parents of children with a limiting illness or disability, or who 
exercised one day a week or less, or watched TV for three hours or more on weekdays were also 
less likely to return their child’s accelerometer as were children who had been breastfed. 
Accelerometers were also less likely to be returned by children without access to a garden, 
children from disadvantaged or ethnic wards, and those who lived in North East or North West 




Table 32: Weighted percentages and sample sizes for all consenting children sent an accelerometer (n=12,303), children who did 
(n=9,721) and did not (n=2,582) return their accelerometer, and adjusted and unadjusted odds ratios (95% CI) and p-values for 
predictors of accelerometer return 







OR (95% CI) p-value OR (95% CI) p-value 
ALL 100.0 (12303) 78.4 (9721) 21.6 (2582)     





















































0.62 (0.47, 0.83) 
0.98 (0.71, 1.34) 
0.48 (0.39, 0.59) 
0.57 (0.42, 0.77) 










0.70 (0.52, 0.95) 
0.55 (0.35, 0.86) 
0.44 (0.30, 0.64) 
0.68 (0.49, 0.95) 
































Social        
Mother’s age at birth (years) 
              14-19 
              20-29 
              30-39 

















0.21 (0.17, 0.25) 
0.48 (0.43, 0.53) 
1 







0.40 (0.32, 0.50) 
0.64 (0.57, 0.73) 
1 







Managerial & professional 
Intermediate 
Small employers & own 
account workers 
Lower supervisory & technical 




























0.90 (0.73, 1.11) 
0.78 (0.61, 1.01) 
 
0.85 (0.60, 1.21) 
0.60 (0.51, 0.71) 











1.23 (0.99, 1.52) 
1.01 (0.78, 1.30) 
 
1.65 (1.11. 2.43) 
1.15 (0.96, 1.38) 













Degree(s)/ post graduate 
diplomas 
Higher education/ teaching 
qualifications/ diplomas 
A/ AS/ S-levels 
O-levels/ GCSE grades A-C 
GCSE grades D-G 
Other academic quals. 






























0.56 (0.45, 0.69) 
 
0.51 (0.40, 0.64) 
0.40 (0.34, 0.48) 
0.33 (0.27, 0.42) 
0.07 (0.25, 0.55) 












0.71 (0.57, 0.90) 
 
0.67 (0.52, 0.85) 
0.64 (0.52, 0.78) 
0.76 (0.59, 0.99) 
0.84 (0.56, 1.27) 



















































0.77 (0.67, 0.89) 
1 






1.07 (0.90, 1.28) 
1 







English and other  















0.74 (0.62, 0.90) 







1.20 (0.91, 1.59) 





























Whether mother is in work or not 
              In work or leave 




















Main housing tenure 
             Own outright, full or part  
             mortgage/loan 
             Rent for local authority or  
              housing association 
             Rent privately 

























0.28 (0.24, 0.31) 
 
0.31 (0.27, 0.37) 











0.57 (0.48, 0.68) 
 
0.53 (0.45, 0.64) 








Type of accommodation 
             House or bungalow 
             Flat or maisonette 















0.49 (0.42, 0.57) 







0.93 (0.74, 1.14) 









             <£10400 
             £10400-20800 
             £20800-31200 
             £31200-52000 
















0.21 (0.17, 0.27) 
0.34 (0.27, 0.41) 
0.61 (0.49, 0.75) 






1.14 (0.86, 1.51) 
1.28 (0.98, 1.66) 
1.27 (1.00, 1.60) 






Behavioural        
Disability or illness that limits activity 
             No 






















Frequency of sport/exercise  
             3 or more days/week 
             2 days/week 
             1 day/week 


















0.86 (0.70, 1.04) 
0.62 (0.52, 0.73) 








0.97 (0.79, 1.19) 
0.88 (0.72, 1.06) 






Hours per weekday that child spends 
watching TV 
             less than an hour/not at all 
             1-3 hours 
             3-5 hours 






















0.85 (0.73, 0.99) 
0.65 (0.52, 0.81) 










1.01 (0.86, 1.19) 
1.01 (0.81, 1.26) 







Child ever breastfed 
            Yes 




















Environmental        
Access to garden 
             No 





















            Advantaged 
            Disadvantaged 















0.50 (0.45, 0.57) 







0.83 (0.74, 0.94) 





Government office region 
             North East 
             North West 
             Yorkshire and the Humberside 
             East midlands 
             West midlands  























0.44 (0.28, 0.68) 
0.53 (0.38, 0.74) 
0.56 (0.39, 0.81) 
0.81 (0.54, 1.21) 
0.54 (0.39, 0.75) 















Missing data: child’s ethnicity (82); child’s BMI (149); maternal occupation (245); maternal academic qualification (2); smoking near child (46); housing tenure 
(83); accommodation (14); household income (11); frequency of sport (36); TV viewing (39); access to garden (14)  
 
             London 
             South East 
             South West 
             Wales  
             Scotland 
             Northern Ireland 






















0.52 (0.38, 0.71) 
0.79 (0.58, 1.08) 
1 
0.58 (0.43, 0.78) 
0.66 (0.48, 0.90) 
0.70 (0.51, 0.94) 





























0.97 (0.80, 1.16) 
0.85 (0.67, 1.07) 







0.89 (0.73, 1.10) 
0.78 (0.61, 0.99) 









7.5.2.2 Adjusted analyses 
After controlling for other predictor variables, accelerometer return remained significantly less 
likely from boys, overweight/obese children, and those who were not white or ‘other’ ethnicity 
(Table 32). Younger mother’s (<30 years at the birth of the cohort child) were also less likely to 
return their child’s accelerometer. Accelerometers were also less likely to be returned by mothers 
who were in lower supervisory or technical occupations, mothers without a degree (excluding 
those with ‘other’ qualifications), lone parents, households with four or more children, children 
who had people smoking near them, those who lived in a studio, room or bedsit, and families that 
did not own, or have a mortgage on their own home. Behavioural factors that predicted 
accelerometer non-return included children with a limiting illness or disability, children who 
exercised less than once a week and those who had been breastfed. Accelerometers were also 
less likely to be returned by children from disadvantaged wards and those who lived in Wales. 
 
7.5.3 Reliable data acquisition 
7.5.3.1 Unadjusted analyses 
All variables in the unadjusted models were associated with reliable data acquisition except 
residential country (Table 33). Within the sample who consented and were sent accelerometers, 
we were less likely to receive reliable data from boys, overweight/obese children, and those who 
were not white or ‘other’ ethnicity. The social factors associated with non-return of reliable data 
included younger mothers (<30 at the birth of the cohort child), mothers not in managerial, 
professional, lower supervisory or technical occupations, or not educated to degree level, 




children who had people smoking near them, or who lived in a flat or maisonette, families who 
did not own, or have a mortgage on their own home or had an household income of less than 
£31,200. Lone parents were half as likely to return reliable accelerometer data compared to two 
parent families. We were also less likely to acquire reliable accelerometer data from children 
with a limiting illness or disability, those who exercised one day a week or less, or watched TV 
for three to five hours on weekdays, and children who had been breastfed. We were also less 
likely to acquire reliable data from children without access to a garden, children from 
disadvantaged or ethnic wards, and those who lived in North East or North West England, 




Table 33: Weighted percentages and sample sizes for all singletons sent an accelerometer (n=12,303), singletons whom we did 
(n=6,875) and did not (n=5,428) acquire reliable accelerometer data, adjusted and unadjusted odds ratios (95% CI) and p-values for 
predictors of reliable data acquisition 










OR (95% CI) p-value OR (95% CI) p-value 
ALL 100.0 (12303) 55.8 (6875) 44.2 (5428)     





















































0.73 (0.55, 0.95) 
0.66 (0.49, 0.89) 
0.39 (0.31, 0.48) 
0.48 (0.34, 0.67) 










0.80 (0.61, 1.06) 
0.52 (0.33, 0.83) 
0.47 (0.31, 0.70) 
0.58 (0.40, 0.83) 
































Social        
Mothers age at birth (years) 
              14-19 
              20-29 
              30-39 

















0.31 (0.26, 0.38) 
0.62 (0.57, 0.68) 
1 







0.51 (0.41, 0.63) 
0.77 (0.70, 0.85) 
1 







Managerial & professional 
Intermediate 
Small employers & own 
account workers 

























0.79 (0.68, 0.92) 
0.78 (0.65, 0.94) 
 











0.96 (0.82, 1.13) 
0.90 (0.74. 1.09) 
 




















0.67 (0.60, 0.76) 
0.53 (0.47, 0.60) 
<0.001 
<0.001 
1.04 (0.90, 1.20) 
1.06 (0.92, 1.22) 
0.563 
0.437 
Maternal academic qualification 
Degree(s)/ post graduate 
diplomas 
Higher education/ teaching 
qualifications/ diplomas 
A/ AS/ S-levels 
O-levels/ GCSE grades A-C 
GCSE grades D-G 
Other academic quals. 


































0.70 (0.60, 0.82) 
 
0.67 (0.56, 0.80) 
0.55 (0.48, 0.62) 
0.46 (0.38, 0.54) 
0.41 (0.30, 0.56) 














0.81 (0.69, 0.96) 
 
0.79 (0.66, 0.95) 
0.73 (0.62, 0.85) 
0.74 (0.61, 0.90) 
0.78 (0.56, 1.08) 




















































0.71 (0.63, 0.80) 
1 






0.84 (0.73, 0.98) 
1 







English and other  















0.58 (0.49, 0.68) 







0.98 (0.76, 1.27) 





























Whether mother is in work or not 
              In work or leave 




















Main housing tenure 
             Own outright, full or part  
             mortgage/loan 
             Rent for local authority or   
             housing association 
             Rent privately 

























0.44 (0.40, 0.49) 
 
0.49 (0.42, 0.57) 











0.81 (0.71, 0.94) 
 
0.76 (0.64, 0.90) 








Type of accommodation 


















             Flat or maisonette 







0.53 (0.46, 0.61) 
0.67 (0.33, 1.33) 
<0.001 
0.251 
0.86 (0.71, 1.04) 




             <£10400 
             £10400-20800 
             £20800-31200 
             £31200-52000 




















0.35 (0.30, 0.42) 
0.46 (0.40. 0.54) 
0.79 (0.68, 0.92) 








1.21 (0.96, 1.52) 
1.17 (0.97, 1.42) 
1.32 (1.11, 1.56) 







Behavioural        
Disability or  illness that limits 
activity 
             No 





























Frequency of sport/exercise  
             3 or more days week 
             2 days/week 
             1 day/week 


















0.96 (0.82, 1.11) 
0.66 (0.58, 0.75) 








1.03 (0.89, 1.20) 
0.83 (0.73, 0.95) 






Hours per weekday that child spends 
watching TV 
             less than an hour/not at all 
             1-3 hours 
             3-5 hours 






















0.97 (0.86, 1.09) 
0.76 (0.64, 0.91) 










1.10 (0.97, 1.25) 
1.06 (0.89, 1.28) 







Child ever breastfed 
             Yes 





















Environmental        
Access to garden 
             No 





















             Advantaged 
             Disadvantaged 















0.59 (0.53, 0.66) 







0.85 (0.75, 0.96) 





Regions in England 
             North East 











0.56 (0.37, 0.85) 











Missing data: child’s ethnicity (82); child’s BMI (149); maternal occupation (245); maternal academic qualification (2); smoking near child (46); housing tenure 
(83); accommodation (14); household income (11); frequency of sport (36); TV viewing (39); access to garden (14)  
 
             Yorkshire and Humberside 
             East midlands 
             West midlands  
             East of England 
             London 
             South East 
             South West 
             Wales  
             Scotland 
             Northern Ireland 


































0.65 (0.46, 0.92) 
0.87 (0.63, 1.22) 
0.64 (0.47, 0.87) 
0.91 (0.69. 1.20) 
0.52 (0.39, 0.71) 
0.79 (0.62, 1.02) 
1 
0.70 (0.55, 0.90) 
0.67 (0.51, 0.88) 
0.67 (0.51, 0.88) 













             England 
             Wales 
             Scotland 


















0.97 (0.85, 1.10) 
0.94 (0.80, 1.12) 








0.98 (0.86, 1.12) 
0.95 (0.79, 1.14) 










7.5.3.2 Adjusted analyses 
After controlling for other predictor variables, reliable accelerometer data acquisition was 
significantly less likely from boys, overweight/obese children, and those who were not white, 
mixed, or ‘other’ ethnicity (Table 33). More social factors remained significantly associated 
with non-return of reliable data than consent including younger mothers (<30 at the birth of 
the cohort child), mothers without a degree (excluding those with ‘other’ qualifications), lone 
parent families, households with one or four or more children, and children who lived in any 
type of rented accommodation. We were also less likely to acquire reliable data from children 
with a limiting illness or disability, children who exercised once a week or less or had been 
breastfed, and children from disadvantaged wards. 
 
7.6 Discussion 
7.6.1 Summary of findings 
A number of factors were associated with study non-consent, accelerometer non-return and 
non-receipt of reliable accelerometer data in this nationally representative cohort of UK 
children (Table 34). More differences were observed for the return of reliable data than in the 
consent to participate, likely to be due to the very high consent rate. In particular, a number of 
biological and social factors were related to non-return of reliable data that were not 
associated with non-consent. Social disadvantage was more apparent in children who did not 








Table 34: Predictors of study non-consent and non-return of accelerometers and reliable 
accelerometer data in the Millennium Cohort Study  
Study non-consent Non-return of accelerometers and reliable 
data 
 Biological  
 Boys 
 Non-white (excluding ‘other’ ethnicity) 
children 
 Overweight/obese children 
 Social 
 Mothers younger than 30 at the birth of 
cohort child 
 Mothers without a degree  
 Lone parents 
 Households with >3 children 
 Children who lived in rented 
accommodation 
Behavioural 
 Children with a limiting illness or 
disability  
 Children who did not have people 
smoking near them  
Behavioural 
 Children with a limiting illness or 
disability  
 Children  who exercised less than once a 
week  
 Children who had been breastfed 
Environmental 
 Children who had access to a garden 
 Children who lived in Northern Ireland 
Environmental 




7.6.2 Comparisons with existing research 
There are few accelerometer-based studies of children’s PA that have investigated predictors 
of consent
64 152
. Van Sluijs et al
152
 and Owen et al
64
 investigated gender differences between 
children who consented to wearing an accelerometer in two large scale studies.  In contrast to 
this study, girls were more likely to consent than boys in the SPEEDY  study
152
. Owen et al
64
 
found no ethnic differences between consenting and non-consenting children participating in 






To my knowledge, there are no previous studies that have investigated predictors of 
accelerometer return, and only one large scale study using postal methods to distribute and 
return accelerometers has investigated predictors of reliable data acquisition
17
. Janz et al
17
 
found no differences between boys and girls according to the number of days of reliable data 
they provided. Other large scale studies using face-to-face distribution methods have 
investigated potential predictors of reliable data acquisition using a range of factors, but 
findings are inconsistent (section 3.5.2 ). 
 
Previous studies have investigated whether biological factors are associated with the 
acquisition of reliable accelerometer data. In four studies, younger children were more likely 
to provide reliable accelerometer data than older children
130 138 180 181
, whereas another three 
found no age differences
132 145 149
. In agreement with this study, boys were less likely to 
provide reliable data than girls in the ALSPAC
138
 and the UK Children’s Health and Activity 
Monitoring Program
123
. In contrast, the NHANES
130
 and the SPEEDY
152
 study reported that  
girls were less likely to return reliable data than boys: no gender differences in reliable data 
acquisition were reported in several other studies
132 149 181
. In contrast to our study, no ethnic 
differences according to reliable data acquisition were reported by previous studies
64 123 132 
181
.  The majority of previous studies report that weight status was not related to reliable data 
acquisition
123 141 145 149
. However, in agreement with our study, overweight children were less 
likely to return reliable data than non-overweight children in the ALSPAC
138
, whereas 
overweight children were more likely to provide reliable data than non-overweight children 








Few studies have investigated behavioural predictors of reliable data acquisition
145 149 181
. No 
previous studies have reliably investigated whether PA predicts non-response. However, the 
Physical Exercise and Appetite in Children Study reported that they were more likely to 
acquire reliable data from physically active children than those who were less active
149
. In 
contrast, Sirard et al
181
 reported that PA levels did not predict whether children returned 
reliable accelerometer data. Both studies compared the PA levels of children who did and did 
not return reliable data; however, PA is not reliably estimated in children without reliable 
data. Only studies with an alternative measure of activity can accurately estimate PA 
differences in non-response. Few studies have investigated social and environmental factors 
















7.6.3 Strengths and limitations 
This is the first large scale accelerometer study using a postal distribution methodology to 
investigate the predictors of non-response associated with study non-consent and non-return 
of accelerometers and reliable data. The MCS provided a range of biological, social, 
behavioural and environmental information on children, their families and their environment 
which enabled a broad range of potential predictors to be simultaneously investigated. As this 
is a contemporary cohort the findings of this study are applicable to the lives of young 
children now. In addition, multicollinearity was investigated to determine which variables 
should be included in the adjusted logistic regression models, which helps increase the 










However, our findings may not be applicable in different ages. PA levels vary according to 
age, and children’s PA is very different to adult’s PA in many respects130;  it is therefore 
unlikely that without further research the findings of this study can be applied to adult 
populations. Age has also been shown to be related to the return of reliable accelerometer 
data in several studies
130 138 180 181
. In addition, although the UK country did not predict non-
response in our study, findings may differ in other studies involving samples of children 
living in non-UK countries. 
 
Many of the predictor variables in this study were based on parent-report measures, and 
therefore recall bias may have influenced the information collected. For example, maternal 
report of smoking near child may have been underreported, although any underestimate in 
this is likely to lead to an underestimate of the effect
256
.  However, information collected 
within the MCS using parent-report methods has been shown to be valid and reliable
257
. Non-
consent for children who did not have people smoking near them may reflect highly 
protective parents.  Several factors that were not investigated within this study may also 
influence non-response, for example, who the cohort children were interviewed by, whether 
they were sent, or tried to return an accelerometer during a postal strike, or which reminder 






7.6.4 Recommendations for study practice and further research  
This study has reported the biological, social, behavioural and environmental factors 
associated with non-response in a PA study using postal methods to distribute and return 
accelerometers. Researchers should be aware of these factors and recognise potential bias 
occurring as a result of this methodology so that future studies can implement strategies to 
reduce the threat of data loss. For example, we found that the language spoken by the cohort 
families at MCS4 did not influence consent. This may be because non-English speaking 
families were offered translated versions of all study documents, and a translator was made 
available at the study interview.  However, consent was less likely from children who lived in 
Northern Ireland; this may be because a different fieldwork agency conducted the home 
interviews in Northern Ireland (Northern Ireland Statistics and Research Agency) compared 
to those conducted in England, Wales and Scotland (NatCen). Considerable efforts are 
required by researchers and parents to encourage boys, non-white and overweight children to 
wear and return their accelerometer as requested so that we can acquire reliable data from 
these populations.  Lone parents and families with a large number of children may not have 
returned their child’s accelerometer because they forgot, or did not have the time to do so. 
Therefore, it is crucial that studies issue timely reminders throughout fieldwork, and in 
particular, to these populations. Caution should also be taken if sampling children with a 
limiting illness or disability as non-response was very high among these children and may 
therefore bias study findings.  
 
Further research should investigate whether the predictors of non-response identified in this 
study also predict non-response in other large scale accelerometer studies, across different 





methods. If studies are unable to increase response in the populations identified in our study, 
then researchers need to be aware of their influence on the validity of findings. An important 
finding was that children who exercised less than once a week were less likely to return their 
accelerometer and reliable data.  As a result, study findings may be biased as inferences about 
the PA levels of the population that are based on the observed sample may not to be the same 
as those based on the target sample. However, the PA predictor variable was based on parent-
proxy report of their child’s usual weekly frequency of sport or any other PA.  The 
limitations associated with parent-proxy reports of children’s PA have been well defined258 
(section 2.2.3.2). Although beyond the scope of the study, several statistical methods to deal 
with missing data have been developed and their performance in reducing estimation bias 
depends on the quality of the models that underpin them
259
. Current work is being undertaken 
to develop response propensity weighting adjustments in the MCS4 accelerometer study. 
 
7.7 Conclusion 
Researchers should consider the factors associated with non-response in large scale 
accelerometer studies that use postal distribution and return methods so that future studies 
can implement strategies to reduce the threat of data loss. Accelerometer studies in children 
that use this postal methodology need to encourage accelerometer and reliable data return 
from boys, overweight and non-white children, mothers who are young or who have few 
qualifications, families with only one parent or a large number of children, children who 
exercise less than once a week, and children living in various forms of disadvantaged 
circumstances. If studies are unable to increase response in these sections of the population 






7.8 Key points 
 Consent was less likely for children with a limiting illness or disability, children who 
did not have people smoking near them, or had access to a garden, and children who 
lived in Northern Ireland. 
 From those who consented, accelerometers and reliable data were less likely to be 
returned by boys, overweight/obese children, those who were not white, or ‘other’ 
ethnicity, younger mothers, mothers without a degree, families with only one parent, 
or a large number of children, children who lived in rented accommodation, had been 
breastfed or had a limiting illness or disability, and children from disadvantaged 
wards. 
 Children who exercised less than once a week, according to parent-proxy report of PA 
were less likely to return reliable accelerometer data. 
 If studies are unable to increase response in these sections of the population then 
researchers should weight analyses to account for non-response. 
 Further research is needed across different age groups and countries, and in studies 












8 Chapter 8: Seasonal variation in children’s activity 
8.1 Chapter overview 
This chapter describes a study investigating seasonal intra-individual variation in children’s 
PA and SB in relation to a range of biological, social and environmental factors relating to 
the child or the child’s parents. This study used repeated accelerometer measurements 
obtained in each of the four seasons during a single calendar year from children participating 
in the MCS4 seasonal accelerometer study. 
  
8.2 Introduction 
The implementation of effective interventions to increase PA and reduce SB depends on a 
thorough understanding of the determinants of these behaviours. There is substantial research 
on the biological, psychological and social determinants of activity
183 260
; less has focused on 
environmental factors, although some has sought to understand the household, school, and 
community characteristics that influence PA
184
. Environmental determinants that occur 
naturally such as the weather or seasons have received less attention. However, the 
importance of seasonal changes in health has been known for a long time: 
 
‘Whoever wishes to investigate medicine properly should proceed thus: in the first place to 
consider the seasons of the year, and what effects each of them produces for they are not at 
all alike, but differ much from themselves in regard to their changes’ 








A season is a division of the year marked by changes in weather, ecology and hours of 
daylight, which have the potential to influence PA and SB. Periods of low temperatures, high 
rain fall, reduced number of sun hours, strong winds and snow may reduce the likelihood of 
children being physically active. Although the meteorological and temporal factors associated 
with seasons cannot be changed, the ability to identify their associations with low PA levels 
and/or high periods of SB is important for the design of public health interventions aimed at 
promoting PA and reducing SB, especially if there are interactions with variables 
characterising the child’s environment.  
 
It is also important to account for seasonal influences on PA and SB, as large scale cross-
sectional studies often rely on single measurements made in different individuals and in 
different seasons. If substantial seasonal variation exists, measurements at a single time point 
may introduce bias from between-season differences in the assessment of habitual activity 
levels. 
 
Seasonal variation in PA appears to be location-specific
221
, which may reflect regional 
variations in climate. As the meteorological factors associated with seasons in a specific 
region cannot be altered, there may be a role for future research to study other factors 
associated with variation of PA and SB throughout the seasons. This will enable us to 
understand what encourages a child to be more or less physically active in specific seasons.  
 
UK studies have reported seasonal variation in children’s overall PA, with levels being 
highest in summer and lowest in winter
64 104 111 260
. However, few studies have evaluated 
seasonal variation in SB or in PA intensities independently of total PA
221





Limited research has also investigated possible interactions of seasons with other factors 
known to influence PA and SB in children, such as gender, age, ethnic group, weight status 
and geographic location
13 183 185
. It is possible that these factors may differentially influence 
variation of activity across seasons. For example, an evaluation of regional differences in 
pedometer-determined PA between urban and rural primary school-aged children living in 
Cyprus found an interaction between season and rural/urban regions: rural children were 
more active in summer, and urban children were more active in winter
198
. Rowlands et al
111
 
also found gender-specific differences in the seasonal variation of PA. No studies have 
reported whether seasonal variation in activity is associated with weight status or ethnicity. It 
may therefore be possible that the influence of season on PA and SB is modified across 
specific ethnic groups, or in overweight children compared to under/normal weight children.  
 
Small sample sizes, varying study designs and the use of different seasonal definitions and 
statistical methods have made conclusions about seasonal variation in PA levels difficult to 
define. There are also few studies that have followed a repeated measures study design
108 111 
260
, which is the most appropriate framework for the assessment of between-season, and 
between-subject differences. Rowlands et al
111
 also emphasized the need for studies to 
investigate intra-individual variation in children’s PA in larger, more generalizable samples 
across more than one location. Additional studies of children’s seasonal activity are therefore 
needed that use large samples, employ a repeated measures study design, use comparable 
definitions of season, and use a consistent standardised approach to accelerometer 
measurement. These studies should aim to investigate the influence of season on levels of 
accelerometer-determined SB and PA of varying intensities, and to identify factors that may 






The aim of this study was to investigate the biological, social and environmental factors 
associated with intra-individual variation across seasons in children’s accelerometer-




Accelerometer data obtained as part of the MCS seasonal accelerometer study (section 4.3.3) 
were used in all analyses for this study. All consenting singleton children who returned 
reliable accelerometer data (≥ two days, ≥ six hours/day) in at least one season were included 
in analyses (n=687). 
 
8.4.2 Statistical analyses 
The main outcome measures were mean daily PA (cpm) and the mean daily time spent in SB, 
VPA and MVPA. For the mean minutes of SB, VPA and MVPA, which were related to the 
wear time period of the accelerometer, the summary measures for each child were calculated 
as a weighted mean of the daily values, with weight calculated as the powered inverse of the 
ratio between observed wear time and standard wear time. Standard wear time was fixed at 
735 minutes, which was the mean wear time across all reliable days. The power values were 
chosen to minimize the correlation between summary variables and daily wear time. All PA 
and SB were slightly skewed; however, transformation of the data did not substantially 
improve normality. Therefore, medians and interquartile ranges were derived for all activity 






Repeated measures ANOVAs were used to determine whether seasonal differences in SB and 
PA outcome measures were present for the total sample (n=687). Scheffé’s post-hoc tests 
were conducted using the STATA command pwcompare to determine pairwise differences 
in PA and SB between seasons.  
 
Multi-level models, including a random effect corresponding to unaccountable within-child 
variation, were fitted to investigate intra-individual variation in the outcome variables across 
seasons using the STATA command xtmixed; this provided estimates of regression 
coefficients, between- and within-child variance, and ICCs. The multi-level models were 
fitted with a random effect term on child identity to account for repeated child measurements. 
Following this, forward stepwise model selection procedures were used to decide which of 
the following fixed-effects covariates should also be included in the models (described in 
Section 4.5): 
 Child’s gender  
 Child’s ethnicity  
 Child’s BMI  
 Maternal occupation 
 Maternal highest academic qualification  
 Lone parent status  
 Access to garden  
 Ward type  





 Season of measurement [winter (1st November 2008 to 31st January 2009), spring 
(1
st
 February to 30
th
 April 2009), summer (1
st
 May to 31
st





 October 2009)] 
 
The models were fitted using maximum likelihood methods. As the models were nested 
within each other and had the same random effects terms, the model selection strategy was 
based on likelihood ratio test (LRT) statistics comparing the unadjusted models with the 
adjusted models. Interactions between season and the selected covariates were then added to 
the model and post-hoc tests were conducted to see if the interactions were significant. LRTs 
were used to confirm that all significant interactions should remain in the models’ fixed 
effects terms.  
 
Multi-level models assume that level-1 (population) and level-2 (child) residuals are normally 
distributed and homoscedastic
262
. To examine the error distributions, histograms of level-1 
and level-2 residuals, and scatterplots of standardized residuals against their normal scores, 
and of predicted values against residuals were obtained
263
.  The residuals appeared to be 
normally distributed but the constant residual variance (homoscedasticity) assumption was 
not met. Thus heteroscedasticity was therefore modelled explicitly, as a function of the 
confounding variables
264
; these adjustments were included in all the multi-level models fitted. 
The multi-level models were extended to allow the within-child variance to depend on the 
included fixed-effect covariates. This improved the goodness-of-fit of the models, and 
provided separate within-children variances according to the covariates; for example, 






The MCS survey and non-response weights were not used in the analyses because the 
seasonal sample was a separate sub-group of the MCS children on which the MCS weights 
were created. The proportion of children with missing data was very small (<2% for all 
variables) so multiple imputation methods were not used in any analyses. 
 
8.5 Results 
8.5.1 Fieldwork and sample characteristics 
Overall, a total of 709 out of 1,289 (55.0%; 691 singletons) invited parents gave consent for 
their child to participate in the MCS4 seasonal accelerometer study. 
 
Following verification of the ICH consent variable (section 5.5.2.1), four of these children 
were identified by the CLS as non-consenters. Two of these children returned an 
accelerometer containing reliable data that was worn during spring, summer and autumn. 
These children were excluded from the analyses. 
 
 
Figure 27 shows, for each season, the number of children who were sent and returned an 
accelerometer, and the number of children for whom reliable data was obtained. Overall, 418 










Figure 27: Children who were sent and returned an accelerometer, and reliable data acquired 
in the seasonal accelerometer study 
 
 
Table 35 reports the sample characteristics for all consenting singletons with reliable data in 
the main stage accelerometer study (n=6,875), for singletons participating in the seasonal 
study with reliable accelerometer data in at least one season (n=687), and for singletons with 
reliable data in all four seasons (n=406).  
 
Within the MCS sample who returned reliable data, Pakistani/Bangladeshi children, children 
whose mothers were in lower supervisory or technical occupations, children whose mothers’ 
highest academic qualifications were GCSE or O-levels, or had no academic qualifications, 
children from lone parent families, and children from  disadvantaged or ethnic wards were 
significantly less likely participate in the seasonal study (all p<0.05). In contrast, children 
whose mothers were in intermediate job occupations, were employed by small employers or 
were their own account workers, children who had access to a garden or lived in Scotland or 







The characteristics of children who returned reliable data in all four seasons were similar to 
the total seasonal sample. Within the sample who returned reliable data in at least one season, 
Pakistani/Bangladeshi children and those from ethnic wards were less likely to return reliable 
data in all four seasons (all p<0.05). Children whose mothers worked for small employer’s or 
were their own account workers were more likely to return reliable accelerometer data in all 
four seasons than the total seasonal sample (p<0.05).  
 
Table 35: Sample characteristics of singletons participating in the main stage accelerometer 
study, the seasonal accelerometer study and those with data in all four seasons 
 
 Singletons with 
reliable data in 
the main stage 
study (n=6,875) 
All singletons 
in the seasonal 
study (n=687; 
≥ 1 season of 
reliable data) 
Singletons with 
reliable data in 
all 4 seasons 
(n=406) 





















































Social    
Maternal occupation 
Managerial & professional 
Intermediate 
Small employers & own 
account workers 
Lower supervisory & 
technical 

































Missing data main stage: child’s ethnicity (35); child’s BMI (74); maternal occupation (132); access garden (3) 
Missing data seasonal study: child’s ethnicity (3); child’s BMI (10); maternal occupation (12); access garden (1) 
Missing data reliable data in 4 seasons: child’s ethnicity (1); child’s BMI (5); maternal occupation (8)  
* p<0.05 differences between all singletons in the seasonal study and singletons with reliable data in all seasons  
** p<0.05 differences between all singletons in the main stage study and all those in the seasonal study  
 
8.5.2 Differences between seasons 
Summary statistics for all PA and SB summary variables are reported in Table 36. There 
were significant seasonal differences in daily PA, and the daily time spent in SB, VPA and 
MVPA (ANOVA; all p<0.0001).  Pairwise comparisons revealed that there were PA 
differences between all seasons except between winter and autumn for all PA and SB 
measures, and between spring and summer for SB, VPA and MVPA (Scheffé’s post-hoc 
tests, p>0.05).  
Maternal academic qualification 
Degree(s)/ post graduate 
diplomas 
Higher education/ teaching 
qualifications/ diplomas 
A/ AS/ S-levels 
O-levels/ GCSE grades A-C 
GCSE grades D-G 
Other academic quals. 











































Environmental    
Access to garden 
             No 











            Advantaged 
            Disadvantaged 
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            Wales 
            Scotland 




















Table 36: Daily median (IQR) for sedentary behaviour and physical activity measures in the 
four seasons. 
 Daily median (IQR) 
Activity measure Winter Spring Summer Autumn 


























Time spent in moderate and 










8.5.3 Intra-individual variation in physical activity and sedentary behaviour 
8.5.3.1 Mean daily physical activity  
The forward stepwise modelling procedure resulted in season of measurement, gender, 
ethnicity, BMI, maternal occupation, maternal academic status, and country being included as 
fixed-effect covariates in the final model for mean daily PA, in addition to a random-effect 
for the child. LRTs confirmed that an interaction between season and country significantly 
improved the model’s goodness-of-fit (p=0.001; Table 37).  
 
Table 37: Between- and within-child variation, intraclass correlation coefficients and 
likelihood ratio test statistics for model justification of mean daily physical activity 
Null model Single-level model Multi-level model 





model with  random 
child effect 
Compared model Multi-level model 










































LRT 539.84 1119.83 29.53 
p-value <0.001 <0.001 0.001 
aModel adjusted for season, child’s gender, child’s ethnicity, child’s BMI, maternal occupation, maternal 
academic status and country 
b
Model adjusted for interaction between season and country 
 
The unadjusted ICC estimate for mean daily PA was 0.47 (Table 37), which indicates that 
47% of the variance in PA levels can be attributed to differences between children, and 53% 
within children but between seasons. The ICC values were the same whether unadjusted or 
adjusted for all covariates (0.47). Thus, 47% of the variance in mean daily PA that was not 
explained by the fixed-effects covariates was due to time-invariant subject-specific 
characteristics. The total variance for the unadjusted and adjusted model was 21,934.19 and 
17,598.54, respectively. Therefore, 20% = (21,934.19 - 17,598.54) / 21,934.19 of the total 
variance in mean daily PA was explained by the fixed-effects covariates.  
 
After controlling for covariates, mean daily PA was significantly higher during spring and 
summer than winter (p<0.001; Table 38; fixed effects). In addition, children whose mothers 
were in lower supervisory or technical occupations were significantly more active than 
children whose mothers were in managerial and professional roles (p=0.008). In contrast, 
girls, Indian children, overweight/obese children, and those who lived in Northern Ireland, 
were significantly less active than boys, white children, underweight/normal weight children, 
and those who lived in England respectively (all p<0.05). For example, mean daily PA was 
estimated to be 75.96 cpm lower for girls than boys, 28.30 cpm lower for overweight/obese 
children than underweight/normal weight children, and 37.59 cpm lower for children who 
lived in Northern Ireland than children who lived in England. There was also a significant 





Figure 28 shows the median of the mean daily PA in each season by country. After 
controlling for covariates, levels of mean daily PA increased during spring for children who 
lived in Scotland (p=0.025), increased during summer and autumn for children who lived in 
Northern Ireland (p=0.001 and p=0.003 respectively), and decreased during autumn for 
children who lived Wales (p=0.035; Table 38; fixed effects). There were no significant 
interactions between season and gender, ethnicity, BMI, maternal occupation or maternal 
academic status (Appendix V; p>0.05).  
 





The  within-child variances corresponding to  seasonal changes  in mean daily PA differed 
significantly according to the child’s gender, ethnicity, BMI, mothers’ occupation, and 
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variances were highest for boys, Pakistani/Bangladeshi children, under/normal weight 
children, children whose mothers were in lower supervisory or technical occupations, and 
children who lived in Northern Ireland or Scotland.  
 
Table 38: Estimated regression coefficients and p-values for mean daily physical activity 
from final model with separate variances for confounders 
Fixed effects Coefficient (CI) p-value  








88.26 (72.60, 103.93) 
65.02 (49.21, 80.82) 
























36.55 (-36.62, 109.72) 
-82.71 (-138.98, -26.44) 
-45.14 (-108.44, 18.15) 
-29.34 (-104.48, 45.79) 


















Managerial & professional 
Intermediate 
Small employers & own account workers 
Lower supervisory & technical 




-11.10 (-36.95, 12.79) 
-4.41 (-38.51, 29.69) 
85.27  (21.85, 148.70) 
20.62 (-7.25, 48.50) 








Maternal academic status 
Degree(s)/ post graduate diplomas 
Higher education/ teaching 
qualifications/ diplomas 
A/ AS/ S-levels 
O-levels/ GCSE grades A-C 
GCSE grades D-G 
Other academic qualifications 
None of these 
 
1 
12.64 (-6.81, 32.09) 
 
50.17 (16.95, 83.39) 
-70.63 (-259.52, 118.26) 
176.07 (-41.87, 394.01) 
-49.96 (-116.59, 16.68) 





















-2.53 (-35.14, 30.07) 
12.49 (-11.91, 36.89) 

















-12.91 (-48.45, 22.64) 
29.93 (3.83, 56.03) 
20.72 (-19.36, 60.81) 
-20.46 (-57.13, 16.20) 
24.89 (-1.84, 51.62) 
70.84 (29.87, 111.82) 
-40.59 (-78.25, -2.93) 
4.07 (-23.45, 31.59) 











Random effects Variance (SD) Adjusted p-value 
(LRT) 
Child’s gender 
Between subject  












Between subject  




















Between subject  












Between subject  
Within subject  
Managerial & professional 
Intermediate 
Small employers & own account workers 
Lower supervisory & technical 






















8.5.3.2 Sedentary behaviour 
Season, gender, maternal occupation and ward type were all included as fixed-effect 
confounders in the final model for the weighted mean daily time spent in SB, in addition to a 
random-effect for child (Table 39).  
 
Table 39: Between- and within-child variation, intraclass correlation coefficients and 
likelihood ratio statistics for model justification of mean daily time spent in sedentary 
behaviour 
Null model Single-level model Multi-level model with 
random child effect 
Comparison model Multi-level model with 




model with  random child 
effect 











 (0.45, 0.53) 
0.54 
 (0.50, 0.60) 
LRT 549.08 409.49 
p-value <0.001 <0.001 
aModel adjusted for season, child’s gender, maternal occupation and ward type 
 
The unadjusted ICC for the mean daily time spent in SB was 0.49 (Table 39), which indicates 
that 49% of the variance in daily SB can be attributed to differences between children, and 
51% to differences within children across seasons. The ICC values were slightly higher when 
Between subject  

















adjusted for all covariates (0.54). The total variance for the unadjusted and adjusted model 
was 2,446.95 and 2,126.8, respectively. Therefore, 13% = (2,446.95 – 2,126.8) / 2,446.95 of 
the total variance in the mean daily time spent in SB was explained by the fixed-effects 
covariates. 
 
After controlling for confounders, the mean daily time spent in SB was significantly lower 
during spring, summer, and autumn than winter (p<0.001; Table 40; fixed effects). Girls 
spent significantly more time in SB than boys (p< 0.001). For example, on average, girls 
spent 17.30 minutes longer sedentary per day than boys. There were no significant 
interactions between season and gender, maternal occupation or ward type (Appendix V; 
p>0.05).   
 
The amount of within-child between season variances in SB differed significantly according 
to the child’s gender and maternal occupation (all p≤ 0.04; Table 40; random effects). The 
estimated within-child variance in SB was highest for boys and children whose mothers were 
in semi-routine and routine occupations or were not employed.  
 
Table 40: Estimated regression coefficients and p-values for mean daily time spent in 
sedentary behaviour from final model with separate variances for confounders 
Fixed effects Coefficient (CI) p-value 








-24.36 (-28.01, 029.71) 
-26.90 (-30.62, -23.17) 





















8.5.3.3 Vigorous physical activity 
Season, gender, BMI, maternal occupation, and country were all included as fixed-effect 
confounders in the final model for the weighted mean daily time spent in VPA, in addition to 
a random-effect for child (Table 41). LRTs confirmed that a significant interaction between 
season and country significantly improved the model’s goodness-of-fit (p=0.012; Table 41).  
Managerial & professional 
Intermediate 
Small employers & own account workers 
Lower supervisory & technical 
Semi- routine & routine 
Non-employed 
1 
1.78 (-7.02, 10.57) 
-9.50 (-21.31, 2.32) 
-15.42 (-36.74, 5.90) 
-8.41 (-17.53, 0.71) 













-5.00 (-11.25, 1.25) 





Random effects Variance (SD) Adjusted p-value 
(LRT) 
Child’s gender 
Between subject  












Between subject  
Within subject 
Managerial & professional 
Intermediate 
Small employers & own account workers 
Lower supervisory & technical 


































Table 41: Between- and within-child variation, intraclass correlation coefficients and 
likelihood ratio test statistics for model justification of mean daily time spent in vigorous 
physical activity 
Null model Single-level model Multi-level model with 




level model with  
random child effect 
Comparison model Multi-level model 





































LRT 731.06 297.62 21.82 
p-value <0.001 <0.001 0.01 
aModel adjusted for season, child’s gender, child’s BMI, maternal SES, and country 
b
Model adjusted for interaction between season and country 
 
The ICC values for the mean daily time spent in VPA were similar whether unadjusted or 
adjusted for all covariates (Table 41). The unadjusted ICC was 0.55, which indicates that 
55% of the variance in VPA levels can be attributed to differences between children, and 
45% within children between seasons. A total of 53% of the variance in the mean daily time 
spent in VPA that was not explained by the fixed-effects covariates was due to time-invariant 
subject-specific characteristics. The total variance for the unadjusted model and the model 
adjusted for all covariates were estimated as 135.74 and 119.57 respectively. Therefore, 12% 
= (135.74 – 119.57) / 135.74 of the total variance in mean daily VPA was explained by the 
fixed-effects covariates.  
 
Mean daily time spent in VPA was significantly higher during spring and summer than winter 





average, participated in significantly less VPA than boys and underweight/normal weight 
children respectively (all p<0.05). For example, the mean daily time spent in VPA was 
estimated to be 6.23 minutes less for girls than boys, and 3.45 minutes less for 
overweight/obese children than underweight/normal weight children. The significant 
interaction between season and country of residence (Appendix V; p=0.012) showed that 
levels of VPA increased during spring, summer and autumn for children who lived in 
Northern Ireland, but decreased during Autumn for children who lived in Wales (all p≤ 
0.035; Table 42; fixed effects). Figure 29 shows the median daily time spent in VPA in each 
season by country. There were no significant interactions between season and gender, BMI, 
or maternal occupation (Appendix V; p>0.05). 
 
Figure 29: Median of the mean daily minutes spent in vigorous physical activity in each 
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            Wales
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The within-child variances corresponding to seasonal changes in VPA differed significantly 
according to the child’s gender, BMI, mothers’ occupation, and country of residence (all p≤ 
0.004; Table 42; random effects). The estimated within-child variance was highest for boys, 
under/normal weight children, children whose mothers were in lower supervisory or technical 
occupations, and children who lived in Northern Ireland.  
 
Table 42: Estimated regression coefficients and p-values for mean daily time spent in 
vigorous physical activity from fitting final model with separate variances for confounders 
Fixed effects Coefficient (CI) p-value 








4.26 (3.10, 5.41) 
3.12 (1.95, 4.29) 

























Managerial & professional 
Intermediate 
Small employers & own account workers 
Lower supervisory & technical 




-0.50 (-2.57, 1.56) 
-0.08 (-2.87, 2.71) 
8.96 (3.95, 13.96) 
1.53 (-0.60, 3.66) 















0.06 (-2.56, 2.67) 
0.87 (-1.04. 2.78) 














-0.12 (-2.79, 2.56) 
1.80 (-0.13, 3.72) 
4.03 (1.14, 6.93) 
-0.52 (-3.27, 2.24) 
1.14 (-0.83, 3.10) 














The forward stepwise modelling procedure resulted in season of measurement, gender, BMI, 
and country being included as fixed-effect confounders in the final model for the weighted 
mean daily time spent in MVPA, in addition to a random-effect for child (Table 43). LRTs 
confirmed that a significant interaction between season and gender, and season and country 





-3.05 (-5.89, -0.22) 
-0.73 (-2.78, 1.32) 




Random effects Variance (SD) Adjusted p-value (LRT) 
Child’s gender 


























Between subject  
Within subject 
Managerial & professional 
Intermediate 
Small employers & own account workers 
Lower supervisory & technical 




































Table 43: Between and within-child variation, intraclass correlation coefficients and 
likelihood ratio test statistics for model justification of mean daily time spent in moderate to 
vigorous physical activity 
Null model Single-level model Multi-level model with 




level model with  
random child effect 
Comparison model Multi-level model 




































 (0.51, 0.59) 
LRT 690.00 530.87 41.04 
p-value <0.001 <0.001 <0.001 
aModel adjusted for season, child’s gender, child’s BMI, and country 
b
Model adjusted for interaction between season and country, and season and gender 
 
The unadjusted and adjusted ICCs for the mean daily time spent in MVPA were 0.54 and 
0.55, respectively (Table 43). This indicates that, after controlling for confounders, 55% of 
the variance in MVPA levels can be attributed to differences between children, and 4,l5% 
within children between seasons. The total variance for the unadjusted MVPA model and for 
the model adjusted for all covariates was 559.89 and 446.61 respectively. Therefore, 20% = 
(559.89 – 446.61) / 559.89 of the total variance in mean daily MVPA was explained by the 
fixed-effects covariates.  
 
After controlling for confounders, the mean daily time spent in MVPA was significantly 
higher during spring and summer than in winter (p<0.001; Table 44; fixed effects). In 
addition, girls and overweight/obese children participated in significantly less MVPA than 
boys and underweight/normal weight children, respectively (all p≤ 0.011). For example, the 





and 4.65 minutes less for overweight/obese children than underweight/normal weight 
children.  There was a significant interaction between season and child’s gender, and between 
season and country of residence (Appendix V; p=0.003). Figure 30 and Figure 31 show the 
median daily time spent in MVPA in each season by child’s gender and country. After 
controlling for covariates, levels of MVPA increased significantly during spring and summer 
for children who lived in Northern Ireland, decreased during autumn for children who lived 
in Wales, and decreased during spring and summer for girls (all p≤ 0.042; Table 44; fixed 
effects). There were no significant interactions between season and BMI (Appendix V; 
p>0.05). 
 
Figure 30: Median of the mean daily time spent in moderate and vigorous physical activity in 
































































Figure 31: Median of the mean daily time spent in moderate and vigorous physical activity in 




The within-child variances corresponding to seasonal changes in MVPA differed 
significantly according to the child’s gender, BMI, and country of residence (all p≤0.003; 
Table 44; random effects). The estimated within-child variance was highest for boys, 
under/normal weight children, and children who lived in Northern Ireland or England. 
 
Table 44: Estimated regression coefficients and p-values for mean daily time spent in 
























































            England
            Wales
            Scotland
            Northern Ireland
Fixed effects Coefficient (CI) p-value 








15.57 (12.48, 18.67) 
12.28 (9.19, 15.37) 





































-0.20 (-5.23, 4.83) 
2.38 (-1.30, 6.07) 











-5.51 (-8.83, -2.18) 
-3.74 (-7.11, -0.36) 
















-1.23 (-6.38, 3.91) 
3.81 (0.08, 7.54) 
5.72 (0.21, 11.24) 
-2.21 (-7.52, 3.09) 
3.35 (-0.45, 7.15) 
11.04 (5.38, 16.69) 
-5.81 (-11.28, -0.34) 
-2.74 (-6.71, 1.24) 











Random effects Variance (SD) Adjusted p-value (LRT) 
Child’s gender 















































8.6.1 Summary of findings 
In this UK-wide study there was substantial intra-individual variation across seasonal 
measurements in children’s accelerometer-determined PA: the ICC for mean daily PA was 
0.48. There was slightly less intra-individual variation in the weighted mean daily time 
children participated in SB, VPA and MVPA: ICCs were 0.54, 0.54, and 0.55 respectively. 
The ICCs for all derived activity variables remained unchanged, or were similar after 
adjustment for potential confounding variables suggesting that these estimates were not 
markedly affected by the socio-demographic factors considered. 
 
In general, children were most active during spring, followed by summer, and least active 
during autumn and winter.  Levels of VPA and MVPA were highest during spring and 
summer and lowest during autumn and winter. Levels of SB were highest during autumn and 
winter, but lowest during spring and summer. 
 
Boys, underweight/normal weight children, and children whose mothers were employed in 
lower supervisory occupations were the most active, but they also showed more intra-
individual variation across seasonal measurements in their mean daily PA. Gender and 
weight differences in intra-individual variation indicate that season impacts PA in boys and 
underweight/normal weight children to a greater extent than girls and overweight/obese 
children. Although girls and overweight/obese children were less active in general, their PA 






Differences in mean daily PA between seasons were influenced by the UK country of 
residence.  Levels of mean daily PA increased during spring for children who lived in 
Scotland, increased during summer and autumn for children who lived in Northern Ireland, 
and decreased during autumn for children who lived in Wales. Time spent outdoors is 
associated with PA levels
102
. Country differences in daily PA between seasons may relate to 
country differences in the amount of time that children spend outdoors.  For example, 
children living in Scotland may be more accustomed to the colder weather, and as a result, 
may be more inclined to be outside and active during spring than children living in other UK 
countries. Children living in Northern Ireland may be more active during autumn (defined by 
this study as August to October) because they tend to have considerably longer school 
holidays during this period than those in England, Scotland and Wales. The longer holiday 
period in Northern Ireland may offer more opportunities for children to be active at sports 
camps and courses, whilst also giving children the chance to spend more time outdoors. 
Differences in daily PA between seasons were not influenced by the child’s gender, ethnicity, 
BMI, maternal occupation or maternal academic status, and therefore, levels of PA in certain 
seasons were not enhanced in any of these sub-populations. 
 
Boys and underweight/normal weight children participated in more daily MVPA and VPA 
than girls and overweight/obese children respectively, and they showed more variation in 
these behaviours. Children who lived in Northern Ireland also showed more variation in their 
VPA and MVPA than those who lived in other UK countries. Differences in MVPA and VPA 
between seasons were also influenced by the UK country. Levels of VPA and MVPA 
increased during spring and summer for children who lived in Northern Ireland and decreased 





children who lived Northern Ireland.  Levels of MVPA decreased during spring and summer 
for girls. Seasonal differences in MVPA and VPA were not influenced by BMI, or maternal 
occupation. 
 
Boys were less sedentary than girls but they also showed more intra-individual variation in 
their SB. Children whose mothers were in semi-routine and routine occupations or were not 
employed also showed greater intra-individual variation in their SB than those whose mothers 
were employed in other occupations.  Seasonal differences in daily SB were not influenced 
by ward type, gender or maternal occupation. 
 
8.6.2 Comparisons with existing research 
Only two previous studies have investigated intra-individual variation across seasons in 
children’s accelerometer-determined PA and SB108 111. Mattocks et al108 evaluated this in 11 
year old children by obtaining four repeated accelerometer measurements over a full calendar 
year. After adjusting for gender, age, BMI, and month of measurement, these authors 
reported slightly higher ICCs for total PA (cpm) and minutes of SB (0.53 and 0.59 
respectively), but slightly lower ICCs for minutes of MVPA and  VPA  (0.45 and 0.55 
respectively) than those calculated in the present study.  Intra-individual ICCs were also 
calculated for boys and girls separately, and in contrast to our study, the ALSPAC found that 
girls showed greater variation than boys in their mean daily PA and MVPA. In agreement 
with our study, Mattocks et al
108 
reported that boys showed greater intra-individual variation 








 considered the influence of gender on intra-individual variation of PA in 
children.  The authors reported higher ICCs for total PA (cpm) and VPA than in the present 
study. However, they also found that boys showed significantly greater intra-individual 
variation than girls in their mean daily PA and time spent in VPA: ICCs for total PA and 
VPA for boys and girls were 0.63 and 0.86, and 0.67 and 0.90 respectively.  
 
To my knowledge, no previous published studies have investigated between-season 
differences or intra-individual variation in PA or SB in relation to any of the other biological, 
social, and environmental factors investigated in the present study. However, seasonal 
differences in children’s PA have been investigated, without considering the impact of these 
factors (section 3.5.4). Seasonal differences in PA have been reported in the majority of 
studies, particularly in children living in the UK
61 64 104 111 260
. In agreement with the present 
study, previous evidence suggests that children’s PA in the UK is highest during summer and 
lowest during winter
61 64
. Findings from other countries are inconsistent. For example, one 
study from the USA reported higher levels of PA in summer than winter
112
, however, a 
different American study reported higher levels of PA in autumn than summer
103
, and one 




Few studies have evaluated seasonal differences in children’s SB104 109 260.  In contrast to the 
present study, Fisher et al
104 
found that Scottish children were more sedentary in spring than 
summer. King et al
260 
found that SB was higher in spring, autumn and winter than summer in 
UK children. In contrast, Nilsson et al
109
 reported that levels of SB in European children were 






8.6.3 Strengths and limitations 
The MCS4 seasonal accelerometer study is the first large scale study to obtain repeated 
accelerometer measurements of PA in a socially diverse population of children from all four 
UK countries. This is also the first study to investigate the biological, social and 
environmental factors associated with intra-individual variation across all four seasons in 
children’s accelerometer-determined PA and SB. This was possible due to the breadth of 
information collected in this contemporary cohort. Uniquely, we have not only explored the 
influence of potential explanatory factors on intra-individual variation in children’s total PA 
and MVPA, but also on SB, therefore addressing a gap in the evidence. Furthermore, we have 
used a standardised accelerometer data processing protocol
210
including the use of a wear time 
threshold (section 6.3)
222




Our findings may not be applicable for different age groups; several studies have shown that 
seasonal differences in PA are more apparent in younger than older children
106 107 113
. For 
example, Kristensen et al
107
 reported that ten year old children were more physically active in 
spring than winter or autumn, but found no seasonal differences in the PA levels of 14 to 16 
year olds.  
 
In addition, our analyses did not account for PA that cannot be accurately assessed by 
accelerometers such as swimming and cycling. These activities may differentially affect 
intra-individual variation in children’s PA, although excluding any measurement occasions 
on which children reported any swimming or cycling had little effect on the ICC values 
reported in the ALSPAC study
108
.  The children in this study will have matured over the 
course of the study period and will have matured at different rates
265





development and increasing age of children in the current study had an effect on their PA. 
However, children in our study were pre-pubertal so it is likely that growth would have less 
influence than in pubertal children. 
 
8.6.4 Recommendations for study practice and further research 
Additional research is needed in different countries and within different regions of larger 
countries. Characteristics that define seasons including the weather, ecology, and hours of 
daylight vary according to country, and even within different regions of large individual 
countries. Future research should also be aimed at investigating whether the findings of this 
study are applicable to older children and in adult populations. Future studies should also 
investigate whether intra-individual variation, and between season differences, vary 
according to the type, and time of day as children’s PA varies within and between days109.  
 
Studies have found that parent-proxy reports of children’s screen viewing time is associated 
with family TV viewing behaviours, snacking, and having a TV in the bedroom
80
. Additional 
research could investigate whether these influence seasonal differences and/or variation in 
SB. Furthermore, UK country of residence was associated with intra-individual variation in 
PA – future research could explore locale according to more detailed geographic identifiers 
such as the electoral ward or according to alternative geographic variables such as the urban-
rural classification, neighbourhood satisfaction, and deprivation score. One review
266
 found 
that only two previous studies
198 267 
have explored the influence of season on the PA levels of 






One factor that may also influence seasonal variation in PA and SB, which has not been 
explored here, is the effect of policy aimed at increasing PA and/or reducing SB. It is possible 
that policy put into action in one season may influence children’s activity in proceeding 
seasons. For example, the UK Government’s ‘Change4Life’ campaign was implemented 
during January 2009 and, as a result, any study measuring children’s PA after this date may 
be influenced by the programme
268
. Additional quantitative work could also be conducted to 
help understand the reasons for seasonal variation in children’s PA. For example, exploring 
children’s perception of the weather, or how they perceive their environment, and the impact 
that this has on their desire to be physically active or sedentary throughout the seasons of the 
year.  
 
This study has reported the biological, social and environmental factors associated with intra-
individual variation across seasons in children’s PA and SB. It may be that groups of children 
who were less stable in their PA and SB across seasons may be more amenable to change 
than children with less intra-individual variation. Boys, under/normal weight children and 
children living in Northern Ireland could be targeted to increase their overall levels of PA. 
Children participated in approximately 10 minutes more MVPA during spring and summer 
than autumn and winter, but were less sedentary during these months, on average, by 30 
minutes. The influence of these differences in absolute values of SB and PA on health 
outcomes has not been investigated, but alarmingly these equate to seasonal differences of 
over an hour in MVPA per week, and three and a half hours of SB per week.  This study 
therefore provides evidence that these interventions should be aimed at increasing PA during 
autumn and winter in UK children, particularly in children living in Wales, and aimed at 






Researchers that obtain accelerometer measurements at a single time point should be aware 
of these factors and also recognise the potential bias occurring as a result of substantial 
seasonal variation. A single-measurement occasion may not adequately characterize 
children’s habitual PA and SB, particularly in populations with high between- and within-
child variation across seasons. Alternatively, seasonal measurement bias may be dealt with 
using adjustment weights during analyses; further research is needed to explore suitable 




There is substantial intra-individual variation in UK children’s PA and SB when objectively 
measured during all four seasons of a single calendar period. Children who were less stable in 
their activity across seasons may be more amenable to change than children with less intra-
individual variation. Furthermore, this study has provided evidence that a single-
measurement occasion may not adequately measure children’s PA and SB.  
 
8.8 Key points 
 Children were most active during spring, followed by summer, and least active during 
autumn and winter. MVPA and VPA were highest during spring and summer and 
lowest during autumn and winter. 
 Levels of SB were highest during autumn and winter and lowest during spring and 
summer.  





 Intra-individual variation in SB was highest among boys and children whose mothers 
were in semi-routine and routine occupations or were not employed.  
 Intra-individual variation in mean daily PA, MVPA and VPA was highest among 
boys, under/normal weight children and children who lived in Northern Ireland.  
 Seasonal differences in all PA measures were influenced by the UK country of 
residence and seasonal differences in MVPA were influenced by child’s gender. 
 Mean daily PA, VPA and MVPA increased during summer for children who lived in 
Northern Ireland, and decreased during autumn for children who lived in Wales.  
 Levels of MVPA decreased during spring and summer for girls. 
 Children who were less stable in their activity across seasons may be more amenable 
to change. Interventions aimed at reducing SB and/or increasing PA may therefore be 
particularly helpful for these groups. 
 A single-measurement occasion may not adequately measure children’s habitual 
activity, therefore researchers should consider adjusting for within-and between-child 
variance in SB and PA across seasons. 












9 Chapter 9: Thesis discussion 
9.1 Chapter Overview 
This chapter summarises: i) the main findings of the research presented in this thesis; ii) 
reflects on their limitations and implications; iii) discusses the strengths and limitations of the 
MCS data and the accelerometer fieldwork; iv) highlights areas for further research, and; v) 
provides general conclusions and reflections on this thesis. A brief update on new research 
evidence is also provided. 
 
9.2 Key research findings  
The research presented in this thesis has addressed some of the methodological uncertainties 
in using accelerometers to measure PA and SB in large scale epidemiological studies in 
children. A detailed literature review of published research evaluating methodological issues 
in children’s large scale accelerometer a study was conducted. Few studies were identified 
that evaluated predictors of non-response in children’s accelerometer studies, and in those 
that were available, findings were inconsistent. Few studies had also explored the influence 
of varying the minimum daily wear time threshold on the reliability of accelerometer-
determined PA measurement, and none had investigated the identification of EHCV during 
accelerometer data processing. Furthermore, research exploring the possible interactions of 
season with other factors known to influence PA and SB, such as gender, age, ethnic group, 
weight status, and geographic location, was scarce. 
 
Three original research studies using data from the MCS were conducted to address these 





conducted to determine: (i) accelerometer data processing thresholds; (ii) predictors of 
consent, accelerometer return, and reliable data acquisition, and; (iii) factors associated with 
intra-individual variation of PA and SB across the four seasons.  
 
This research has provided evidence that using a proposed minimum threshold of 11,715 cpm 
will enable researchers to identify EHCV in the ActiGraph GT1M. We also found that using 
data from children with at least two days lasting at least six hours per day should provide 
reliable estimates of children’s habitual PA. Separate analyses revealed a range of biological, 
social, behavioural and environmental factors associated with non-response in a UK-wide 
accelerometer study using postal distribution and return methods. Finally, substantial intra-
individual variation in children’s PA and SB across the four seasons was observed. Intra-
individual variation in SB across the four seasons was greatest in girls and children from 
ethnic wards, whereas PA varied most in boys, under/normal weight children and children 
who lived in Northern Ireland. 
 
9.3 Reflections on the limitations and implications of this research 
Literature review 
The detailed literature review presented in chapter 3 provides a useful resource for 
researchers by summarising findings from a wide range of studies and identifying important 
gaps in the evidence base.  However, the heterogeneity in study samples, design, 
accelerometer protocols, statistical methods and outcome measures included in this review 
limited interpretation and meant that it was not possible to carry out a meta-analysis of the 
results. Only I undertook the reviewing process and no robust indicator of methodological 





interpretation of the results could have been attempted, in particular, considering whether 
significant differences in results were large enough to represent either practical or 
physiological importance. A number of studies had very small sample sizes and therefore 
their findings may be of limited use. Studies with small sample sizes were included in the 
literature review because there was a lack of previous studies addressing several of the 
research objectives. As this review was restricted to published studies only, publication bias 
may be present. 
 
Identifying extreme high count values 
We advise that quality control processes should be undertaken during accelerometer 
fieldwork, and prior to data analyses, as EHCV and error count values can be recorded by the 
Actigraph GT1M. However, errors count values that have previously occurred in the 7164 
(e.g. five digit values and all one values
211
) did not occur in the newer GT1M model. 
Furthermore, only 0.1% of all accelerometer files recorded negative values, and 0.3% 
recorded all zero count values. Although we recommend that error count values are evaluated 
during fieldwork so that failing monitors are not reissued, it is likely that the small proportion 
of error files would not make a substantial difference to derived PA outcome variables. In 
addition, files containing all zero counts would be removed prior to analyses according to the 
wear time threshold criteria. However, the proposed EHCV threshold will improve the 
validity of VPA estimates in children’s studies using the ActiGraph GT1M by ensuring that 
only plausible data are analysed. The differences in VPA estimates observed when varying 
the method used to define and exclude EHCV were relatively small (6.9 minutes vs. 6.5 
minutes) and may not be large enough to influence health outcomes. Therefore, this data 





particularly in studies using different accelerometer models and adult populations who would 
need to determine their own EHCV threshold.   
 
Defining minimum wear time 
It is important that researchers only analyse accelerometer data from children that meet a pre-
defined wear time threshold. A threshold of at least two days lasting at least six hours per day 
is applicable in pre-pubertal children and in population-based studies that monitor children 
over a full week. Using this proposed threshold will enhance quality control processes by 
ensuring that only children who provide enough data to reliably estimate weekly PA are used 
in analyses. However, our proposed wear time threshold was determined based on reliability 
coefficients calculated from cpm, and not from the amount of time spent in PA intensities 
and/or SB. It is likely that reliability will be influenced by the derived PA outcome variable. 
This study would therefore have been strengthened by investigating reliability in relation to 
MVPA or SB. As a result, the use of this threshold may not be appropriate for studies 
evaluating the time spent in PA intensities and SB. Therefore, calculations based on derived 
estimates of MVPA and SB in the MCS may not be as reliable as those using cpm.  
 
Although gender differences in reliability coefficients were minimal, this research may have 
also been improved by investigating reliability in relation to other socio-demographic 
characteristics such as ethnicity or SES, or behavioural characteristics such as the type of 
school children attended or self-reported levels of PA.  Studies have shown ethnic and social 
differences in children’s PA183, and the research presented in this thesis found differences 






Our analyses suggest that it is unnecessary for researchers to only include children with 
weekend data in analyses. We investigated the purposeful inclusion of children with weekend 
data using a constant definition of minimum weekend wear time (≥10 hours/day). In contrast, 
we varied the minimum daily wear time in all other analyses to investigate the influence of 
this variation. The minimum weekend wear time criterion was chosen because it is the most 
commonly used daily wear time threshold in other large-scale studies. However, findings 
relating to the purposeful inclusion of children with weekend data may have differed if the 
weekend wear time threshold varied. Therefore, this research would have been improved by 
investigating the inclusion of children with and without weekend data according to varying 
minimum weekend wear time thresholds.  
 
The wear time threshold proposal may have also been improved by cross referencing the 
accelerometer data with information obtained from the timesheets. At the time of writing this 
thesis, the data from the timesheets had not been extracted and coded. Parents reported the 
time children put on, and took off, the accelerometer on their timesheet, and this information 
could have, at the very least, been used to verify days when the accelerometer was not worn. 
 
Predictors of non-response 
The analyses of predictors of non-response found evidence for factors associated with non-
consent, and non-return of accelerometers and reliable data. This information could be used 
in other studies, using similar postal methods, to identify children who may require additional 
efforts to encourage consent and reliable data acquisition whilst also reducing non-response 
bias. Nevertheless, I acknowledge that due to the large sample size of the MCS, very small 





important or have any decision-making purpose. For example, consent was more likely to be 
obtained from children who had people smoking near them, however, the difference in 
consent rate between those who did and did not have people smoking near them was 95.8% 
and 94.4% respectively. There was also little practical difference in the consent rate between 
children who did and did not have access to a garden (94.5% vs. 95.6% respectively). In 
contrast, very large statistical differences in reliable data acquisition were observed between 
ethnicities. Reliable data were obtained from 58% of white children who were sent an 
accelerometer but from only 35% and 40% of Pakistani/Bangladeshi and black children, 
respectively. In addition, reliable accelerometer data was acquired from only 40% of children 
whose mothers had no academic qualifications, but from 67% of mothers with degrees. 
Consideration on the proportion of difference that represents practical importance could have 
been made for the purpose of making recommendations for future studies. 
 
This study may have been improved by combining the potential determinants of consent, 
accelerometer return and reliable data acquisition into one plausible model. It is likely that 
the extent to which reliable data was acquired combines factors influencing both consent and 
return. Furthermore, bivariate correlations could have been further investigated, for example, 
the ethnic minority groups that were less likely to consent may also have also spoken another 
language apart from English. This may also help to explain why the low consent rates for 
non-employed and non-qualified mothers disappeared in the adjusted model. Other factors 
such as housing tenure or ethnicity may influence these differences. Analyses could have 
been further advanced by investigated differences between those who did not return reliable 
data (‘non-compliers’), those who returned reliable data (‘standard compliers’), and those 





could have been investigated as potential predictors, for example, the time elapsed between 
the interviews and receiving the accelerometer, or the number of reminders distributed. 
Results of this would further help to advise researchers in the most effective fieldwork 
protocols.  
 
Seasonal variation in children’s activity 
The seasonal analyses enhance our understanding of the factors associated with variation of 
PA and SB across the four seasons. The identification of such factors may help inform public 
health interventions aimed at increasing PA and/or reducing SB, as children who are less 
stable in their activity across seasons may be more amenable to change.  
 
Even if these interventions are impractical or costly to implement, the findings also hold 
methodological importance for researchers. As substantial intra-individual variation in 
children’s PA and SB across seasons was identified, a single-measurement occasion may not 
adequately measure children’s habitual activity. We are unsure whether a specific season 
provides a superior measurement of annual PA, although the seasonal data could be used to 
determine whether one particular season provides a reliable estimate of PA as determined by 
estimates based on measurements from all four seasons. Nevertheless, researchers should be 
aware of the factors associated with intra-individual variation and also recognise potential 
bias occurring as a result of this. If studies are unable to collect data over more than one 







The seasonal analyses could have been extended by investigating the influence of changing 
the seasonal definition, or exploring seasonality on a month-by-month basis. Seasonal 
patterns could have also been assessed by means of applying sine and cosine functions as 
continuous predictors in regression models. 
 
The sub-sample of MCS children who participated in the seasonal study comprised those who 
returned reliable accelerometer data in the main stage accelerometer study. Differences 
between children who returned reliable data in the main stage accelerometer study and those 
who participated in the seasonal study were investigated; however, the seasonal sample was 
not compared to the MCS cohort. Socio-demographic differences between children who 
participated in the main stage accelerometer study and the seasonal study were found, and, 
although not explored, there may also have been differences between the seasonal sample and 
the wider MCS sample. This research may therefore have been enhanced by investigating any 
differences between these samples, and if necessary, developing adjustment weights that 
could be applied to analyses to control for any bias. We could have also investigated seasonal 
differences between children who were measured in different seasons using the main stage 
accelerometer data. Seasonal comparisons could have then been made between the repeat 
measures study and the cross-sectional results from the main stage. 
 
Analyses could have also been expanded by incorporating the timesheet data in analyses. For 
example, the time children spent swimming or cycling may have differed according to the 
season of measurement. We also asked parents to specify whether their child was on school 





to explain why children living in Northern Ireland were more active during summer and 
whether this was related to a longer school holiday period.  
 
Despite the limitations discussed in this section, these studies have addressed a number of the 
methodological uncertainties in large scale accelerometer-based studies of childhood activity. 
It should therefore help to improve the accuracy of accelerometer data processing protocols, 
raise awareness of the factors associated with non-response in this large scale postal study, 
and also provide evidence that a single-measurement occasion may not adequately measure 
children’s PA and SB.   Advice has also been given for other researchers to help maximise 
return rates, and reduce data and accelerometer loss in studies adopting this method of data 
collection. The MCS was the first large-scale study to use a postal methodology to distribute 
and return accelerometers and would have learnt from the experience of previous studies. 
Researchers may therefore take the advice detailed in this thesis, and adopt similar data 
collection and processing protocols in future studies. Improving the accuracy of 
accelerometer data collection and processing protocols will enable children’s PA and SB to 
be measured more accurately, so that researchers are able to advance the understanding of 
compliance to recommendations, their determinants and relation to health outcomes. Such 
research can help to identify optimal patterns of activity associated with future health and 
well-being and inform interventions to help populations meet these optimal patterns. This is 
essential as there is increasing evidence that PA patterns are established in childhood
299
, that 
maintenance of an active lifestyle in adult life is protective against many chronic diseases
300-









9.4 Strengths and limitations of the MCS and accelerometer fieldwork 
Additional strengths and limitations of each study have been discussed in each relevant 
chapter.  This section focuses on the wider overarching strengths and limitations of the MCS 
and the accelerometer study fieldwork.  
 
The MCS4 is the first large scale longitudinal cohort study to objectively measure PA and SB 
in a socially and ethnically diverse population of children from all four UK countries. The 
MCS was disproportionately stratified to ensure an adequate representation of all four UK 
countries, disadvantaged areas and ethnic minority groups. The MCS has also collected a 
wide range of biological, social, behavioural and environmental information relating to the 
child and the child’s family that could be linked to the accelerometer data and used for the 
analyses presented in this thesis.  A small amount of the MCS children had missing data for 
some of the explanatory variables used in this work and multiple imputation techniques were 
not carried out, which I acknowledge as a limitation. Furthermore, many of the MCS 
variables were also based on parent-report measures, and therefore recall bias may have 
influenced the information collected. However, self-reported information collected within the 




This is also the first large scale accelerometer study to report the use of a postal methodology 
to distribute and return accelerometers. The MCS accelerometer study was tested in two pilot 
studies to ensure a robust and feasible accelerometer fieldwork methodology. Additional 
strengths include the use of the ActiGraph accelerometer to measure PA and SB, which is the 
most commonly used accelerometer in PA research. We also selected a 15 second epoch in 





are confident that both children and parents understood how and when they should wear and 
return their accelerometers as they received detailed information at the home interview and in 
the information leaflets. We also implemented a reminder system to aid the return of as many 
accelerometers as possible. The implementation of the timesheet and the offer of a feedback 
certificate with graphs showing their child’s PA may have also encouraged correct wear.   
 
We are confident that our personalised data processing software was the most feasible 
software to accurately process our large volume of data in order to derive the summary PA 
and SB variables
220
. We are also confident that using our own dataset to investigate data 
processing decisions, combined with the advanced analytical methodologies employed, 




However, there are also several limitations to the MCS accelerometer data. Many are 
associated with the more general use of the type of accelerometer used and have been 
previously discussed, including their inability to accurately access swimming, cycling, or 
load bearing activity, and no clearly defined activity intensity thresholds. Newer, tri-axial 
accelerometers can address some of the limitations of bi- and uni-axial accelerometers and 
have been shown to provide reliable estimates of children’s EE and PA271. However, 
additional studies are required to further validate tri-axial accelerometers in children under 
free-living conditions
271
. The ActiGraph GT1M was the latest model available at the time of 
the MCS4 accelerometer fieldwork; however, this model did not permit the use of an epoch 
shorter than 15 seconds for the wear time length we required. An even shorter epoch can now 
be used with newer and consequently more expensive accelerometers. However, the 





devices’ capacity is considerably larger than the already complicated computational and 
statistical issues dealt with in this thesis.  
 
Although the predictors of non-response in the MCS4 main stage accelerometer study were 
investigated, differences between those who did and did not consent to the MCS4 were not 
explored. However, sample weights were applied to make the data representative to the UK 
population.  Statisticians at the ICH are also developing non-response weights for use with 
the PA data to account for missing accelerometer data. Despite these limitations, the MCS4 
has provided a rich source of PA and SB data that will be publicly archived alongside weights 
for missing accelerometer data.  
 
9.5 Literature review update  
The literature review presented in chapter 3 included all published articles up to, and 
including the end of September 2010.  The searches outlined in section 3.4.1 were re-run at 
the end of September 2012, before submission of this thesis, to identify any additional 
research studies that have published articles in the last two years. Three additional large scale 
(≥ 250) accelerometer studies in children were identified272-274. The Gateshead Millennium 
Study is a longitudinal study exploring the nature, time, and extent of changes in PA and SB 
in British children before adolescence
272
. Accelerometer data were collected from 405 
children aged seven years in 2006/7 and again when the children were aged nine years. The 
Canadian Health Measures Survey collected accelerometer data in 2007 to 2009 to determine 
the PA levels of 6 to 19 year old Canadian children
273
.  The ENERGY-project conducted a 
cross-sectional accelerometer study involving 1,082 children aged between 10 and 12 years 





develop an obesity prevention intervention among school children
274 275
. The International 
Children’s Accelerometry Databaseproject has also been developed which has pooled and 
processed raw accelerometer data to create comparable outcome variables in 32,000 children 




Two more articles were identified that investigated the minimum number of hours per day 
and/or the minimum number of days of data required from each child to provide reliable 
estimates of PA
276 277
. Ojiambo et al
277
 calculated the reliability of PA in 86 seven year old 
children from Ghent, Glasgow, Gothenburg and Zaragoza: the number of wear days required 
to achieve 80% reliability for total PA (cpm), SB and MVPA was reported to be 7.4 to 8.5 
days.  Dencker et al’s276 study involving 696 seven year old children reported that the number 
of hours used to define minimum daily wear time heavily influenced the number of days that 
were required in analyses.  
 
No additional studies were identified that examined predictors of consent and/or reliable data 
acquisition in children’s PA studies, or that investigated seasonal variation in accelerometer-
determined PA or SB in children. Previous evidence in the areas explored in this thesis are 
therefore still limited, and none of the additional studies identified compromise the originality 
of the research presented. 
 
9.6 Directions for future research 
In addition to the specific recommendations for future research that have been discussed 





enhance accelerometer protocols, and increase the accuracy of SB and PA measurement in 
large scale studies in children. 
 
 Other methodological issues  
There are several other methodological uncertainties relating to accelerometer studies that 
were not addressed within this thesis. Firstly, few studies have accurately assessed 
accelerometer placement and epoch length in primary school aged children, and in those 
available, sample sizes are small
97 99
. Additional studies are therefore needed that investigate 
where accelerometers should be placed on the body, and also the range of epochs that provide 
the most accurate estimation of PA and SB in large samples of pre-pubertal children. Further 
research is also required to systematically evaluate the most effective reminder strategies to 
encourage the correct wear and timely return of accelerometers. There is currently no 
consensus on the best thresholds to define SB and PA in children. A wide range of thresholds 
are available, highlighting the lack of agreement regarding interpretation of accelerometer 
output. Greater efforts are needed to reach a consensus on the best way to define SB and PA 
in different intensities so that levels of PA and SB, adherence to public health guidelines, and 
associations with health can be advanced. 
 
Other accelerometers  
Further research is required to determine whether the accelerometer data processing 
thresholds suggested in this thesis are applicable in other ActiGraph models and in other 
brands of accelerometers. Rothney et al
49
 found differences in count outputs from the 
ActiGraph 7164 and the GT1M accelerometers when undergoing mechanical testing. 





not result in meaningful differences in activity counts
278
. Studies have also found a strong 
agreement in children’s accelerometer-determined PA using the ActiGraph GT1M, GT3X, 
and GT3X+
279
. In contrast, Paul et al
280
 found that PA measured using the Actical and the 
ActiGraph 7164 accelerometers were not directly comparable. 
 
Activity not measured by accelerometers 
One of the major limitations associated with the use of a single, waist mounted accelerometer 
is its inability to accurately measure certain types of PA. Within the MCS, parents reported 
the time their child spent swimming and cycling on PA timesheets, so further research could 
incorporate these data to investigate whether the inclusion of children with high levels of 
swimming and/or cycling influences overall PA findings. Limited research has investigated 
the influence of including children with high levels of self-reported swimming and/or cycling 






The emergence of new technology has led to important developments in the field of PA 
measurement including global positioning systems (GPS), high frequency movement 
sampling, and combined motion sensors. The introduction of GPS into movement sensors 
enables information about the location and domain of PA to be combined with accelerometer-
determined measurement of the frequency, intensity and duration of PA
282
. Although there 
are still relatively few published studies using GPS in the field of children’s PA, the 
reliability of GPS has been demonstrated in different environments
283
. GPS technology may 





population level, and in doing so, advance the understanding of seasonality in PA
146 284
.  For 
example, GPS determined time spent outdoors has been shown to be positively associated 
with accelerometer-determined PA in children
146. These data found that children’s PA levels 
were higher outdoors than when they were indoors, and outdoor PA was also higher during 
summer than winter.  Another study that collected GPS combined with accelerometer 
measurements in children found that outdoor use patterns varied by season, with street use 
increasing during spring, and park and playground use increasing during summer
285
.  
Nevertheless, GPS monitoring also has further issues relating to data processing that require 
further investigation. 
 
Accelerometers have also been combined with physiological measures such as HR
57 59 286
, 
skin temperature, and galvanic skin response
287
 to help improve the accuracy of EE 
estimation
288
. In general, the combined use of HR and movement sensors has been shown to 
be more accurate than either method used in isolation in controlled environments in 
children
57 283
. However, the analysis of combined sensor monitors requires the understanding 
of advanced statistical techniques. For example, Zakeri et al
289
 developed cross-sectional 
time series models to predict EE from HR and accelerometer output, while Brage et al
290
 used 
branched equation modelling to improve the estimates of PA EE using combined HR and 
accelerometry.  
 
Multi-sensor systems that involve attaching multiple sensors to the body have also been 
developed. For example, the Intelligent Device for Energy Expenditure and Activity captures 
movement from five sensors attached to the chest, thighs, and feet. The device uses an 





walking, running and stair climbing
291
. The energy costs of specific activities are assigned 
from a published compendium of PA that is available for adults
4
 but limited for children
292
. 
Although these methods may further our understanding of PA and SB, further research is 





Advances in statistical modelling 
Modern statistical methods may help to resolve some of the issues relating to accelerometer 
data processing, in particular the use of activity count thresholds.   
 
Statistical methods for analysing latent variables make it possible to detect unobserved 
underlying patterns in movement
294
, and may therefore offer considerably increased precision 
to estimate EE through the application of activity-specific regression equations or through the 
identification of specific activities using multiple features of the accelerometer output
283
. 
These approaches to data analysis not only use numerical data summaries but also use other 
information available from the accelerometer, such as the SD of counts per time unit to 
classify PA mode. For example, discriminant analysis uses the multivariate mean and 
variance covariance matrix of the data to classify PA type
295
. Pattern recognition approaches 
including probabilistic artificial neural networks
291
 and hidden Markov chains models
296
 can 
also help to extract information on the PA type, duration, and intensity. Studies have shown 
that pattern recognition methods may perform better than traditional threshold methods in 
quantifying the time spent at different PA intensities
297
 and have also successfully identified 
various types of PA
295






The use of these methods requires further development, for example, hidden Markov chain 
modelling needs to recognize more activities and incorporate individual characteristics and 
environmental factors into models
283
.   
 
Other populations  
The findings of the research presented in this thesis may differ in other age groups and in 
children living in different countries.  Study consent rate and reliable data acquisition can 
vary according to age in large scale accelerometer studies
129 165. Furthermore, children’s PA 




. Research presented in this thesis also revealed that, 
within the UK, consent and intra-individual variation in PA across seasons varied by country. 
Further research is therefore warranted to determine whether the findings presented in this 
thesis are applicable across different age groups and in children living in different countries. 
 
9.7 Thesis reflection 
It is hoped that this thesis can provide a reference for other large scale accelerometer studies 
to help guide their data collection and processing methods, as well as providing guidance for 
future public health interventions. Defining the data processing protocols was a necessary 
step for the MCS accelerometer study team. All future publications written by the ICH using 
the accelerometer data will use the activity summary variables that are based on the proposed 
data processing protocols. The summary activity data that will be publicly archived will also 
use these protocols.  Although some of the findings of this research appear to be age-specific, 
the methodology used to propose the data processing protocols and to determine the best data 







There are a number of different aspects of my research that I would change if I were to start it 
again. I think that it would have been possible to expand each of the research objectives and 
concentrate on just one of these in detail. This may have reduced some of the study 
limitations and addressed some of the further research suggested. For example, if this thesis 
only focused on the data processing procedures investigated in Chapter 6, the analyses could 
have been expanded to investigate the reliability of accelerometer determined MVPA or SB, 
as well as investigating other data processing decisions such as the identification of non-wear 
periods. Writing this thesis has improved my ability to communicate scientific evidence; 
however, I feel that it could be improved further by writing more concisely, particularly in 
the literature review chapter. The interpretation of study findings and their purpose in the real 
world setting could have also been expanded at some points. Changes that I would make to 
the data collection include setting up a verified fieldwork database prior to the start of the 
project, trying to obtain ethical approval to offer a financial incentive to all children who 
wear and return their accelerometer, and sending a reminder text to parents every morning 
during the monitoring period.   
 
A major strength of the work presented in this thesis is that I was involved in all stages of 
research including data collection, cleaning, processing, analysis, and interpretation. This 
project has also enabled me to produce and judge publications in peer-reviewed journals, and 
generate reports and presentations for collaborators and fieldwork agencies, and in doing so, 
has improved both my critical thinking and writing abilities. I have also further advanced my 
understanding of a wide range of statistical methods and increased my ability to use statistical 





9.8 Concluding remarks 
The detailed information provided by accelerometers makes them an invaluable tool to 
understand the complex nature of PA and SB. However, the interpretation of data remains a 
challenge and a number of methodological uncertainties remain regarding collection and 
processing protocols. This thesis has identified some of the gaps in the evidence and 
investigated these issues using accelerometer data collected in a UK-wide prospective study 
of children. This research attempts to enhance the understanding of accelerometer 
methodology and provides related advice that should be implemented in future large-scale 
studies in children. Technical advances in accelerometer development will continue to give 
researchers the ability to obtain detailed measures of activity.  However, it is important that 
researchers continue to develop reliable and accurate accelerometer data collection and 
processing protocols to help maintain the pace at which we can improve the quality of 
















1. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical fitness: definitions and 
distinctions for health-related research. Public Health Rep. 1985;100(2):126-31. 
2. Ravussin E, Bogardus C. A brief overview of human energy metabolism and its relationship to essential 
obesity. Am.J.Clin.Nutr. 1992;55(1 Suppl):242S-45S. 
3. Rodgers HB. Rationalising Sports Policies: sport in its social context. Strasbourg: Council of Europe, 2010. 
4. Ainsworth BE, Haskell WL, Leon AS, Jacobs DR, Jr., Montoye HJ, Sallis JF, et al. Compendium of physical 
activities: classification of energy costs of human physical activities. Med.Sci.Sports Exerc. 
1993;25(1):71-80. 
5. Schofield WN. Predicting basal metabolic rate, new standards and review of previous work. 
Hum.Nutr.Clin.Nutr. 1985;39 Suppl 1:5-41. 
6. Cavill N, Biddle S, Sallis JF. Health Enhancing Physical Activity for Young People: Statement of the United 
Kingdom Expert Consensus Conference. Pediatric Exercise Science. 2001;13(1):12-25. 
7. Hardman AE, Stensel DJ. Assessing the Evidence: Introduction. In: Physical Activity And Health The 
Evidence Explained. New York: Routledge, 2003: p.3-16. 
8. Department of Health. At least 5 a week: Evidence on the impact of physical activity and its relationship to 
health. London: Department of Health, 2004. 
9. Peterson K, Silverstein J, Kaufman F, Warren-Boulton E. Management of type 2 diabetes in youth: an update. 
Am.Fam.Physician. 2007;76(5):658-64. 
10. Andersen LB, Harro M, Sardinha LB, Froberg K, Ekelund U, Brage S, et al. Physical activity and clustered 
cardiovascular risk in children: a cross-sectional study (The European Youth Heart Study). Lancet. 
2006;368(9532):299-304. 
11. Tobias JH, Steer CD, Mattocks CG, Riddoch C, Ness AR. Habitual levels of physical activity influence 
bone mass in 11-year-old children from the United Kingdom: findings from a large population-based 
cohort. J Bone Miner.Res. 2007;22(1):101-09. 
12. Ekeland E, Heian F, Hagen KB, Abbott J, Nordheim L. Exercise to improve self-esteem in children and 
young people. Cochrane Database Syst Rev. 2004(1):CD003683. 
13. Van Der Horst K, Paw MJ, Twisk JW, van MW. A brief review on correlates of physical activity and 
sedentariness in youth. Med.Sci.Sports Exerc. 2007;39(8):1241-50. 
14. Lobelo F, Liese AD, Liu J, Mayer-Davis EJ, D'Agostino RB, Jr., Pate RR, et al. Physical activity and 
electronic media use in the SEARCH for diabetes in youth case-control study. Pediatrics. 
2010;125(6):e1364-e71. 
15. National Institute for Health and Clinical Excellence. Type 2 diabetes: the management of type 2 diabetes. 
London: National Institute for Health and Clinical Excellence, 2008. 
16. Ekelund U, Anderssen SA, Froberg K, Sardinha LB, Andersen LB, Brage S. Independent associations of 
physical activity and cardiorespiratory fitness with metabolic risk factors in children: the European 
youth heart study. Diabetologia. 2007;50(9):1832-40. 
17. Janz KF, Burns TL, Torner JC, Levy SM, Paulos R, Willing MC, et al. Physical activity and bone measures 
in young children: the Iowa bone development study. Pediatrics. 2001;107(6):1387-93. 
18. Simon C, Schweitzer B, Oujaa M, Wagner A, Arveiler D, Triby E, et al. Successful overweight prevention 
in adolescents by increasing physical activity: a 4-year randomized controlled intervention. 
Int.J.Obes.(Lond. 2008;32(10):1489-98. 
19. Oude LH, Baur L, Jansen H, Shrewsbury VA, O'Malley C, Stolk RP, et al. Interventions for treating obesity 
in children. Cochrane.Database.Syst.Rev. 2009(1):CD001872. 
20. Jimenez-Pavon D, Kelly J, Reilly JJ. Associations between objectively measured habitual physical activity 
and adiposity in children and adolescents: Systematic review. Int.J.Pediatr.Obes. 2010;5(1):3-18. 
21. Telama R. Tracking of physical activity from childhood to adulthood: a review. Obes.Facts. 2009;2(3):187-
95. 
22. Atkinson G, Nevill AM. Statistical methods for assessing measurement error (reliability) in variables 
relevant to sports medicine. Sports Med. 1998;26(4):217-38. 
23. Rennie KL, Wareham NJ. The validation of physical activity instruments for measuring energy expenditure: 
problems and pitfalls. Public Health Nutr. 1998;1(4):265-71. 





25. Baquet G, Stratton G, Van PE, Berthoin S. Improving physical activity assessment in prepubertal children 
with high-frequency accelerometry monitoring: a methodological issue. Prev.Med. 2007;44(2):143-47. 
26. Crocker PR, Bailey DA, Faulkner RA, Kowalski KC, McGrath R. Measuring general levels of physical 
activity: preliminary evidence for the Physical Activity Questionnaire for Older Children. Med Sci 
Sports Exerc. 1997;29(10):1344-9. 
27. Telford A, Salmon J, Jolley D, Crawford D. Reliability and Validity of Physical Activity Questionnaires for 
Children: The Children's Leisure Activities Study Survey (CLASS). Pediatr.Exerc.Sci. 2004;16(3):64-
78. 
28. Treuth MS, Sherwood NE, Butte NF, McClanahan B, Obarzanek E, Zhou A, et al. Validity and reliability of 
activity measures in African-American girls for GEMS. Med.Sci.Sports Exerc. 2003;35(3):532-39. 
29. Corder K, van Sluijs EM, Wright A, Whincup P, Wareham NJ, Ekelund U. Is it possible to assess free-living 
physical activity and energy expenditure in young people by self-report? Am.J.Clin.Nutr. 
2009;89(3):862-70. 
30. Ekelund U, Neovius M, Linne Y, Rossner S. The criterion validity of a last 7-day physical activity 
questionnaire (SAPAQ) for use in adolescents with a wide variation in body fat: the Stockholm Weight 
Development Study. Int J Obes (Lond). 2006;30(6):1019-21. 
31. Chinapaw MJ, Mokkink LB, van Poppel MN, van MW, Terwee CB. Physical activity questionnaires for 
youth: a systematic review of measurement properties. Sports Med. 2010;40(7):539-63. 
32. Bouchard C, Tremblay A, Leblanc C, Lortie G, Savard R, Theriault G. A method to assess energy 
expenditure in children and adults. Am.J.Clin.Nutr. 1983;37(3):461-67. 
33. Freedson PS, Evenson S. Familial aggregation in physical activity. Res.Q.Exerc.Sport. 1991;62(4):384-89. 
34. Wen LM, van der Ploeg HP, Kite J, Cashmore A, Rissel C. A validation study of assessing physical activity 
and sedentary behavior in children aged 3 to 5 years. Pediatr.Exerc.Sci. 2010;22(3):408-20. 
35. Reilly JJ, Penpraze V, Hislop J, Davies G, Grant S, Paton JY. Objective measurement of physical activity 
and sedentary behaviour: review with new data. Arch.Dis.Child. 2008;93(7):614-19. 
36. Welk GJ, Differding JA, Thompson RW, Blair SN, Dziura J, Hart P. The utility of the Digi-walker step 
counter to assess daily physical activity patterns. Med.Sci.Sports Exerc. 2000;32(9 Suppl):S481-S88. 
37. Melanson EL, Knoll JR, Bell ML, Donahoo WT, Hill JO, Nysse LJ, et al. Commercially available 
pedometers: considerations for accurate step counting. Prev.Med. 2004;39(2):361-68. 
38. Rowlands AV, Stone MR, Eston RG. Influence of speed and step frequency during walking and running on 
motion sensor output. Med.Sci.Sports Exerc. 2007;39(4):716-27. 
39. Eston RG, Rowlands AV, Ingledew DK. Validity of heart rate, pedometry, and accelerometry for predicting 
the energy cost of children's activities. J.Appl.Physiol. 1998;84(1):362-71. 
40. Kilanowski CK, Consalvi A, Epstein LH. Validation of an Electronic Pedometer for Measurement of 
Physical Activity in Children. Pediatr.Exerc.Sci. 1999;11:63-68. 
41. Crouter SE, Schneider PL, Karabulut M, Bassett DR, Jr. Validity of 10 electronic pedometers for measuring 
steps, distance, and energy cost. Med.Sci.Sports Exerc. 2003;35(8):1455-60. 
42. Cliff DP, Reilly JJ, Okely AD. Methodological considerations in using accelerometers to assess habitual 
physical activity in children aged 0-5 years. J.Sci.Med.Sport. 2009;12(5):557-67. 
43. Trost SG, McIver KL, Pate RR. Conducting accelerometer-based activity assessments in field-based 
research. Med.Sci.Sports Exerc. 2005;37(11 Suppl):S531-S43. 
44. Chen KY, Bassett DR, Jr. The technology of accelerometry-based activity monitors: current and future. 
Med.Sci.Sports Exerc. 2005;37(11 Suppl):S490-S500. 
45. Fairweather SC, Reilly J, Stanley G, Arthur W, James YP. Using the Computer Science and Applications 
(CSA) Activity Monitor in Preschool Children.Pediatr.Exerc.Sci.1999;11(4):413-20. 
46. Janz KF. Validation of the CSA accelerometer for assessing children's physical activity. Med.Sci.Sports 
Exerc. 1994;26(3):369-75. 
47. Trost SG, Way R, Okely AD. Predictive validity of three ActiGraph energy expenditure equations for 
children. Med.Sci.Sports Exerc. 2006;38(2):380-87. 
48. Plasqui G, Westerterp KR. Physical activity assessment with accelerometers: an evaluation against doubly 
labeled water. Obesity.(Silver.Spring). 2007;15(10):2371-79. 
49. Rothney MP, Apker GA, Song Y, Chen KY. Comparing the performance of three generations of ActiGraph 
accelerometers. J.Appl.Physiol. 2008;105(4):1091-97. 
50. Evenson KR, Catellier DJ, Gill K, Ondrak KS, McMurray RG. Calibration of two objective measures of 





51. Corder K, Ekelund U, Steele RM, Wareham NJ, Brage S. Assessment of physical activity in youth. 
J.Appl.Physiol. 2008;105(3):977-87. 
52. Wareham NJ, Hennings SJ, Prentice AM, Day NE. Feasibility of heart-rate monitoring to estimate total level 
and pattern of energy expenditure in a population-based epidemiological study: the Ely Young Cohort 
Feasibility Study 1994-5. Br.J.Nutr. 1997;78(6):889-900. 
53. Valanou E, Bamia C, Trichopoulou A. Methododology of physical activity and energy expenditure 
assessment: a review. J Public Health. 2006;14:58-65. 
54. Ceesay SM, Prentice AM, Day KC, Murgatroyd PR, Goldberg GR, Scott W, et al. The use of heart rate 
monitoring in the estimation of energy expenditure: a validation study using indirect whole-body 
calorimetry. Br.J Nutr. 1989;61(2):175-86. 
55. Livingstone MB, Prentice AM, Coward WA, Ceesay SM, Strain JJ, McKenna PG, et al. Simultaneous 
measurement of free-living energy expenditure by the doubly labeled water method and heart-rate 
monitoring. Am.J Clin.Nutr. 1990;52(1):59-65. 
56. De Bock F, Menze J, Becker S, Litaker D, Fischer J, Seidel I. Combining Accelerometry and Heart Rate for 
Assessing Preschoolers' Physical Activity. Med.Sci.Sports Exerc. 2010;42(12):2237-43. 
57. Corder K, Brage S, Wareham NJ, Ekelund U. Comparison of PAEE from combined and separate heart rate 
and movement models in children. Med.Sci.Sports Exerc. 2005;37(10):1761-67. 
58. Corder K, Brage S, Mattocks C, Ness A, Riddoch C, Wareham NJ, et al. Comparison of two methods to 
assess PAEE during six activities in children. Med.Sci.Sports Exerc. 2007;39(12):2180-88. 
59. Brage S, Brage N, Franks PW, Ekelund U, Wareham NJ. Reliability and validity of the combined heart rate 
and movement sensor Actiheart. Eur.J Clin.Nutr. 2005;59(4):561-70. 
60. Department of Health. Start Active, Stay Active: A report on physical activity for health from the four home 
countries' Chief Medical Officers. London: Department of Health, 2011. 
61. Riddoch CJ, Mattocks C, Deere K, Saunders J, Kirkby J, Tilling K, et al. Objective measurement of levels 
and patterns of physical activity. Arch.Dis.Child. 2007;92(11):963-69. 
62. Wheeler BW, Cooper AR, Page AS, Jago R. Greenspace and children's physical activity: a GPS/GIS 
analysis of the PEACH project. Prev.Med. 2010;51(2):148-52. 
63. Steele RM, van Sluijs EM, Cassidy A, Griffin SJ, Ekelund U. Targeting sedentary time or moderate- and 
vigorous-intensity activity: independent relations with adiposity in a population-based sample of 10-y-
old British children. Am.J Clin.Nutr. 2009;90(5):1185-92. 
64. Owen CG, Nightingale CM, Rudnicka AR, Cook DG, Ekelund U, Whincup PH. Ethnic and gender 
differences in physical activity levels among 9-10-year-old children of white European, South Asian 
and African-Caribbean origin: the Child Heart Health Study in England (CHASE Study). 
Int.J.Epidemiol. 2009;38(4):1082-93. 
65. Stomatakis E. Physical activity. Health Survey for England 2002. Volume 1: The health of children and 
young people. London: Stationary Office, 2003. 
66. Dietz WH. The role of lifestyle in health: the epidemiology and consequences of inactivity. Proc.Nutr.Soc. 
1996;55(3):829-40. 
67. Reilly JJ, Coyle J, Kelly L, Burke G, Grant S, Paton JY. An objective method for measurement of sedentary 
behavior in 3- to 4-year olds. Obes.Res. 2003;11(10):1155-58. 
68. Marshall SJ, Welk GJ. Definitions and measurement. In: Smith AL, Biddle S, editors. Youth physical 
activity and sedentary behavior: Challenges and solutions. Champaign, IL: Human Kinetics, 2008. p.3-
29. 
69. Ekelund U, Brage S, Froberg K, Harro M, Anderssen SA, Sardinha LB, et al. TV viewing and physical 
activity are independently associated with metabolic risk in children: the European Youth Heart Study. 
PLoS.Med. 2006;3(12):e488. 
70. Mark AE, Janssen I. Relationship between screen time and metabolic syndrome in adolescents. J Public 
Health (Oxf). 2008;30(2):153-60. 
71. Martinez-Gomez D, Tucker J, Heelan KA, Welk GJ, Eisenmann JC. Associations between sedentary 
behavior and blood pressure in young children. Arch.Pediatr.Adolesc.Med. 2009;163(8):724-30. 
72. Mitchell JA, Mattocks C, Ness AR, Leary SD, Pate RR, Dowda M, et al. Sedentary behavior and obesity in 
a large cohort of children. Obesity.(Silver.Spring). 2009;17(8):1596-602. 
73. Spinks AB, Macpherson AK, Bain C, McClure RJ. Compliance with the Australian national physical 
activity guidelines for children: relationship to overweight status. J Sci.Med.Sport. 2007;10(3):156-63. 
74. MRC Human Nutrition Unit and MRC Epidemiology Unit, Cambridge. [internet]. Diet and physical activity 





75. Hardy LL, Booth ML, Okely AD. The reliability of the Adolescent Sedentary Activity Questionnaire 
(ASAQ). Prev.Med. 2007;45(1):71-74. 
76. Brown TD, Holland BV. Test-retest reliability of the self-assessed physical activity checklist. 
Percept.Mot.Skills.2004;99(3 Pt 2):1099-102. 
77. Pate RR, Trost SG, Felton GM, Ward DS, Dowda M, Saunders R. Correlates of physical activity behavior in 
rural youth. Res.Q.Exerc.Sport. 1997;68(3):241-48. 
78. Ridley K, Olds TS, Hill A. The Multimedia Activity Recall for Children and Adolescents (MARCA): 
development and evaluation. Int.J Behav.Nutr.Phys.Act. 2006;3:10. 
79. Bryant MJ, Lucove JC, Evenson KR, Marshall S. Measurement of television viewing in children and 
adolescents: a systematic review. Obes.Rev. 2007;8(3):197-209. 
80. Deartment of Health. Sedentary Behaviour and Obesity: Review of the Current Scientific Evidence. London: 
Department of Health, 2010. 
81. Jordan AB, Robinson TN. Children, Television Viewing, and Weight Status: Summary and 
Recommendations from an Expert Panel Meeting. The Annals of the American Academy of Political 
and Social Science. 2008;615(1):119-32. 
82. Public Health Agency for Canada. [internet]. Canadian physical activity guidleines for children, 2011. [cited 
September 2012]. Available from: http://www.phac-aspc.gc.ca/hp-ps/hl-mvs/pa-ap/index-eng.php.  
83. Aresu M, Becares L, Brage N, Chaudhury M, Doyle-Francis M, Esliger DW, et al. Health Survey for 
England 2008: Volume 1: Physical activity and fitness. London: Stationary Office, 2008. 
84. Gorely T, Biddle SJ, Marshall SJ, Cameron N. The prevalence of leisure time sedentary behaviour and 
physical activity in adolescent boys: an ecological momentary assessment approach. Int.J 
Pediatr.Obes. 2009;4(4):289-98. 
85. Gorely T, Marshall SJ, Biddle SJ, Cameron N. The prevalence of leisure time sedentary behaviour and 
physical activity in adolescent girls: an ecological momentary assessment approach. Int.J Pediatr.Obes. 
2007;2(4):227-34. 
86. Biddle SJ, Gorely T, Marshall SJ, Cameron N. The prevalence of sedentary behavior and physical activity in 
leisure time: A study of Scottish adolescents using ecological momentary assessment. Prev.Med. 
2009;48(2):151-55. 
87. Fairclough SJ, Boddy LM, Hackett AF, Stratton G. Associations between children's socioeconomic status, 
weight status, and sex, with screen-based sedentary behaviours and sport participation. Int.J 
Pediatr.Obes. 2009;4(4):299-305. 
88. McClain JJ, Tudor-Locke C. Objective monitoring of physical activity in children: considerations for 
instrument selection. J.Sci.Med.Sport. 2009;12(5):526-33. 
89. Welk GJ, Schaben JA, Morrow JR, Jr. Reliability of accelerometry-based activity monitors: a 
generalizability study. Med.Sci.Sports Exerc. 2004;36(9):1637-45. 
90. de Vries SI, Bakker I, Hopman-Rock M, Hirasing RA, van MW. Clinimetric review of motion sensors in 
children and adolescents. J.Clin.Epidemiol. 2006;59(7):670-80. 
91. de Vries SI, Van Hirtum HW, Bakker I, Hopman-Rock M, Hirasing RA, van MW. Validity and 
reproducibility of motion sensors in youth: a systematic update. Med.Sci.Sports Exerc. 2009;41(4):818-
27. 
92. Dorsey K, Herrin J, Krumholz H, Irwin M. The utility of shorter epochs in direct motion monitoring. 
Res.Q.Exerc.Sport. 2009;80(3):460-68. 
93. Edwardson CL, Gorely T. Epoch length and its effect on physical activity intensity. Med.Sci.Sports Exerc. 
2009;42(5):928-34. 
94. McClain JJ, Abraham TL, Brusseau TA, Jr., Tudor-Locke C. Epoch length and accelerometer outputs in 
children: comparison to direct observation. Med.Sci.Sports Exerc. 2008;40(12):2080-87. 
95. Rowlands AV, Powell SM, Humphries R, Eston RG. The Effect of Accelerometer Epoch on Physical 
Activity Output Measures. Journal of Exercise Science Fitness. 2006;4(1):52-58. 
96. Vale S, Santos R, Silva P, Soares-Miranda L, Mota J. Preschool Children Physical Activity Measurement: 
Importance of Epoch Length Choice. Pediatr.Exerc.Sci. 2009;21(4):413-20. 
97. Nilsson A, Ekelund U, Yngve A, Sjostrom M. Assessing physical activity among children with 
accelerometers using different time sampling intervals and placements. Pediatr.Exerc.Sci. 2002;14:87-
96. 
98. Puyau MR, Adolph AL, Vohra FA, Butte NF. Validation and calibration of physical activity monitors in 





99. Toschke JA, von KR, Rosenfeld E, Toschke AM. Reliability of physical activity measures from 
accelerometry among preschoolers in free-living conditions. Clin.Nutr. 2007;26(4):416-20. 
100. Yngve A, Nilsson A, Sjostrom M, Ekelund U. Effect of monitor placement and of activity setting on the 
MTI accelerometer output. Med Sci Sports Exerc. 2003;35(2):320-6. 
101. Bringolf-Isler B, Grize L, Mader U, Ruch N, Sennhauser FH, Braun-Fahrlander C. Assessment of intensity, 
prevalence and duration of everyday activities in Swiss school children: a cross-sectional analysis of 
accelerometer and diary data. Int.J.Behav.Nutr.Phys.Act. 2009;6:50. 
102. Burdette HL, Whitaker RC, Daniels SR. Parental report of outdoor playtime as a measure of physical 
activity in preschool-aged children. Arch.Pediatr.Adolesc.Med. 2004;158(4):353-57. 
103. Finn K, Johannsen N, Specker B. Factors associated with physical activity in preschool children. J.Pediatr. 
2002;140(1):81-85. 
104. Fisher A, Reilly J, Montgomery C, Kelly L, Williamson A, Jackson DM, et al. Seasonality in physical 
activity and sedentary behaviour in young children. Pediatric Exercise Science. 2005;17(1):31-40. 
105. King AC, Parkinson KN, Adamson AJ, Murray L, Besson H, Reilly JJ, et al. Correlates of objectively 
measured physical activity and sedentary behaviour in English children. Eur.J.Public Health. 
2010;21(4):424-31. 
106. Kolle E, Steene-Johannessen J, Andersen LB, Anderssen SA. Seasonal variation in objectively assessed 
physical activity among children and adolescents in Norway: a cross-sectional study. 
Int.J.Behav.Nutr.Phys.Act. 2009;6:36. 
107. Kristensen PL, Korsholm L, Moller NC, Wedderkopp N, Andersen LB, Froberg K. Sources of variation in 
habitual physical activity of children and adolescents: the European youth heart study. 
Scand.J.Med.Sci.Sports. 2008;18(3):298-308. 
108. Mattocks C, Leary S, Ness A, Deere K, Saunders J, Kirkby J, et al. Intraindividual variation of objectively 
measured physical activity in children. Med.Sci.Sports Exerc. 2007;39(4):622-29. 
109. Nilsson A, Anderssen SA, Andersen LB, Froberg K, Riddoch C, Sardinha LB, et al. Between- and within-
day variability in physical activity and inactivity in 9- and 15-year-old European children. 
Scand.J.Med.Sci.Sports. 2009;19(1):10-18. 
110. Nyberg G, Ekelund U, Marcus C. Physical activity in children measured by accelerometry: stability over 
time. Scand.J.Med.Sci.Sports. 2009;19(1):30-35. 
111. Rowlands AV, Pilgrim EL, Eston RG. Seasonal changes in children's physical activity: an examination of 
group changes, intra-individual variability and consistency in activity pattern across season. 
Ann.Hum.Biol. 2009;36(4):363-78. 
112. Rundle A, Goldstein IF, Mellins RB, shby-Thompson M, Hoepner L, Jacobson JS. Physical Activity and 
Asthma Symptoms among New York City Head Start Children. Journal of Asthma. 2009;46(8):803-09. 
113. Taylor RW, Murdoch L, Carter P, Gerrard DF, Williams SM, Taylor BJ. Longitudinal study of physical 
activity and inactivity in preschoolers: the FLAME study. Med.Sci.Sports Exerc. 2009;41(1):96-102. 
114. Tremblay MS, Barnes JD, Copeland JL, Esliger DW. Conquering childhood inactivity: is the answer in the 
past? Med.Sci.Sports Exerc. 2005;37(7):1187-94. 
115. Wennlof AH, Yngve A, Nilsson TK, Sjostrom M. Serum lipids, glucose and insulin levels in healthy 
schoolchildren aged 9 and 15 years from Central Sweden: reference values in relation to biological, 
social and lifestyle factors. Scand.J.Clin.Lab Invest. 2005;65(1):65-76. 
116. Wong TC, Webster JG, Montoye HJ, Washburn R. Portable accelerometer device for measuring human 
energy expenditure. IEEE Trans.Biomed.Eng. 1981;28(6):467-71. 
117. Klesges RC, Klesges LM, Swenson AM, Pheley AM. A validation of two motion sensors in the prediction 
of child and adult physical activity levels. Am.J.Epidemiol. 1985;122(3):400-10. 
118. Centre for Reviews and Dissemination. Undertaking systematic reviews of research on effectiveness: 
CRD's guidance for carrying our or commissioning reviews. York: University of York, 2001. 
119. Pate RR, Freedson PS, Sallis JF, Taylor WC, Sirard J, Trost SG, et al. Compliance with physical activity 
guidelines: prevalence in a population of children and youth. Ann.Epidemiol. 2002;12(5):303-08. 
120. Trost SG, Pate RR, Freedson PS, Sallis JF, Taylor WC. Using objective physical activity measures with 
youth: how many days of monitoring are needed? Med.Sci.Sports Exerc. 2000;32(2):426-31. 
121. Trost SG, Pate RR, Sallis JF, Freedson PS, Taylor WC, Dowda M, et al. Age and gender differences in 
objectively measured physical activity in youth. Med.Sci.Sports Exerc. 2002;34(2):350-55. 
122. Trost SG, Sallis JF, Pate RR, Freedson PS, Taylor WC, Dowda M. Evaluating a model of parental 





123. Gidlow CJ, Cochrane T, Davey R, Smith H. In-school and out-of-school physical activity in primary and 
secondary school children. J.Sports Sci. 2008;26(13):1411-19. 
124. Janz KF, Levy SM, Burns TL, Torner JC, Willing MC, Warren JJ. Fatness, physical activity, and television 
viewing in children during the adiposity rebound period: the Iowa Bone Development Study. 
Prev.Med. 2002;35(6):563-71. 
125. Janz KF, Burns TL, Levy SM, Torner JC, Willing MC, Beck TJ, et al. Everyday activity predicts bone 
geometry in children: the iowa bone development study. Med.Sci.Sports Exerc. 2004;36(7):1124-31. 
126. Janz KF, Burns TL, Levy SM. Tracking of activity and sedentary behaviors in childhood: the Iowa Bone 
Development Study. Am.J.Prev.Med. 2005;29(3):171-78. 
127. Janz KF, Medema-Johnson HC, Letuchy EM, Burns TL, Gilmore JM, Torner JC, et al. Subjective and 
objective measures of physical activity in relationship to bone mineral content during late childhood: 
the Iowa Bone Development Study. Br.J.Sports Med. 2008;42(8):658-63. 
128. Janz KF, Kwon S, Letuchy EM, Eichenberger Gilmore JM, Burns TL, Torner JC, et al. Sustained effect of 
early physical activity on body fat mass in older children. Am.J.Prev.Med. 2009;37(1):35-40. 
129. Nader PR, Bradley RH, Houts RM, McRitchie SL, O'Brien M. Moderate-to-vigorous physical activity from 
ages 9 to 15 years. JAMA. 2008;300(3):295-305. 
130. Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical activity in the United 
States measured by accelerometer. Med.Sci.Sports Exerc. 2008;40(1):181-88. 
131. Stevens J, Suchindran C, Ring K, Baggett CD, Jobe JB, Story M, et al. Physical activity as a predictor of 
body composition in American Indian children. Obes.Res. 2004;12(12):1974-80. 
132. Van CP, Harnack L, Schmitz K, Fulton JE, Galuska DA, Gao S. Feasibility of using accelerometers to 
measure physical activity in young adolescents. Med.Sci.Sports Exerc. 2005;37(5):867-71. 
133. Catellier DJ, Hannan PJ, Murray DM, Addy CL, Conway TL, Yang S, et al. Imputation of missing data 
when measuring physical activity by accelerometry. Med.Sci.Sports Exerc. 2005;37(11 Suppl):S555-
S62. 
134. Murray DM, Stevens J, Hannan PJ, Catellier DJ, Schmitz KH, Dowda M, et al. School-level intraclass 
correlation for physical activity in sixth grade girls. Med.Sci.Sports Exerc. 2006;38(5):926-36. 
135. Webber LS, Catellier DJ, Lytle LA, Murray DM, Pratt CA, Young DR, et al. Promoting physical activity in 
middle school girls: Trial of Activity for Adolescent Girls. Am.J.Prev.Med. 2008;34(3):173-84. 
136. Evenson KR, Murray DM, Birnbaum AS, Cohen DA. Examination of perceived neighborhood 
characteristics and transportation on changes in physical activity and sedentary behavior: The Trial of 
Activity in Adolescent Girls. Health Place. 2010;16(5):977-85. 
137. Voorhees CC, Catellier DJ, Ashwood JS, Cohen DA, Rung A, Lytle L, et al. Neighborhood socioeconomic 
status and non school physical activity and body mass index in adolescent girls. J.Phys.Act.Health. 
2009;6(6):731-40. 
138. Mattocks C, Ness A, Leary S, Tilling K, Blair SN, Shield J, et al. Use of accelerometers in a large field-
based study of children: protocols, design issues, and effects on precision. J.Phys.Act.Health. 2008;5 
Suppl 1:S98-111. 
139. Deere K, Williams C, Leary S, Mattocks C, Ness A, Blair SN, et al. Myopia and later physical activity in 
adolescence: a prospective study. Br.J.Sports Med. 2009;43(7):542-44. 
140. Riddoch CJ, Leary SD, Ness AR, Blair SN, Deere K, Mattocks C, et al. Prospective associations between 
objective measures of physical activity and fat mass in 12-14 year old children: the Avon Longitudinal 
Study of Parents and Children (ALSPAC). BMJ. 2009;339:b4544. 
141. van Sluijs EM, Fearne VA, Mattocks C, Riddoch C, Griffin SJ, Ness A. The contribution of active travel to 
children's physical activity levels: cross-sectional results from the ALSPAC study. Prev.Med. 
2009;48(6):519-24. 
142. Jago R, Ness AR, Emmett P, Mattocks C, Jones L, Riddoch CJ. Obesogenic diet and physical activity: 
independent or associated behaviours in adolescents? Public Health Nutr. 2010;13(5):673-81. 
143. Brockman R, Jago R, Fox KR. The contribution of active play to the physical activity of primary school 
children. Prev.Med. 2010;51(2):144-47. 
144. Jago R, Fox KR, Page AS, Brockman R, Thompson JL. Physical activity and sedentary behaviour 
typologies of 10-11 year olds. Int.J.Behav.Nutr.Phys.Act. 2010;7:59. 
145. Page AS, Cooper AR, Griew P, Davis L, Hillsdon M. Independent mobility in relation to weekday and 






146. Cooper AR, Page AS, Wheeler BW, Hillsdon M, Griew P, Jago R. Patterns of GPS measured time 
outdoors after school and objective physical activity in English children: the PEACH project. 
Int.J.Behav.Nutr.Phys.Act. 2010;7:31. 
147. Griew P, Page A, Thomas S, Hillsdon M, Cooper AR. The school effect on children's school time physical 
activity: the PEACH Project. Prev.Med. 2010;51(3-4):282-86. 
148. Page AS, Cooper AR, Griew P, Jago R. Independent mobility, perceptions of the built environment and 
children's participation in play, active travel and structured exercise and sport: the PEACH Project. 
Int.J.Behav.Nutr.Phys.Act. 2010;7:17. 
149. Purslow LR, Hill C, Saxton J, Corder K, Wardle J. Differences in physical activity and sedentary time in 
relation to weight in 8-9 year old children. Int.J.Behav.Nutr.Phys.Act. 2008;5:67. 
150. Fisher A, Saxton J, Hill C, Webber L, Purslow L, Wardle J. Psychosocial correlates of objectively 
measured physical activity in children. Eur.J.Public Health. 2010;21(2):145-50. 
151. Corder K, van Sluijs EM, Ekelund U, Jones AP, Griffin SJ. Changes in Children's Physical Activity Over 
12 Months: Longitudinal Results From the SPEEDY Study. Pediatrics. 2010;126(4):e926-35. 
152. van Sluijs EM, Skidmore PM, Mwanza K, Jones AP, Callaghan AM, Ekelund U, et al. Physical activity 
and dietary behaviour in a population-based sample of British 10-year old children: the SPEEDY study 
(Sport, Physical activity and Eating behaviour: environmental Determinants in Young people). 
BMC.Public Health. 2008;8:388. 
153. Eiberg S, Hasselstrom H, Gronfeldt V, Froberg K, Svensson J, Andersen LB. Maximum oxygen uptake 
and objectively measured physical activity in Danish children 6-7 years of age: the Copenhagen school 
child intervention study. Br.J.Sports Med. 2005;39(10):725-30. 
154. Hansen SE, Hasselstrom H, Gronfeldt V, Froberg K, Andersen LB. Cardiovascular disease risk factors in 
6-7-year-old Danish children: the Copenhagen School Child Intervention Study. Prev.Med. 
2005;40(6):740-46. 
155. Hasselstrom H, Karlsson KM, Hansen SE, Gronfeldt V, Froberg K, Andersen LB. Sex differences in bone 
size and bone mineral density exist before puberty. The Copenhagen School Child Intervention Study 
(CoSCIS). Calcif.Tissue Int. 2006;79(1):7-14. 
156. Brage S, Wedderkopp N, Ekelund U, Franks PW, Wareham NJ, Andersen LB, et al. Features of the 
metabolic syndrome are associated with objectively measured physical activity and fitness in Danish 
children: the European Youth Heart Study (EYHS). Diabetes Care. 2004;27(9):2141-48. 
157. Brage S, Wedderkopp N, Ekelund U, Franks PW, Wareham NJ, Andersen LB, et al. Objectively measured 
physical activity correlates with indices of insulin resistance in Danish children. The European Youth 
Heart Study (EYHS). Int.J.Obes.Relat Metab Disord. 2004;28(11):1503-08. 
158. Riddoch CJ, Bo AL, Wedderkopp N, Harro M, Klasson-Heggebo L, Sardinha LB, et al. Physical activity 
levels and patterns of 9- and 15-yr-old European children. Med.Sci.Sports Exerc. 2004;36(1):86-92. 
159. Cooper AR, Wedderkopp N, Wang H, Andersen LB, Froberg K, Page AS. Active travel to school and 
cardiovascular fitness in Danish children and adolescents. Med.Sci.Sports Exerc. 2006;38(10):1724-31. 
160. Eijkemans M, Mommers M, de Vries SI, van BS, Stafleu A, Bakker I, et al. Asthmatic symptoms, physical 
activity, and overweight in young children: a cohort study. Pediatrics. 2008;121(3):e666-e72. 
161. Vale SM, Santos RM, da Cruz Soares-Miranda LM, Moreira CM, Ruiz JR, Mota JA. Objectively measured 
physical activity and body mass index in preschool children. Int.J.Pediatr. 2010;pii:479439. 
162. Vale S, Silva P, Santos R, Soares-Miranda L, Mota J. Compliance with physical activity guidelines in 
preschool children. J.Sports Sci. 2010;28(6):603-08. 
163. Thompson AM, Campagna PD, Durant M, Murphy RJ, Rehman LA, Wadsworth LA. Are overweight 
students in Grades 3, 7, and 11 less physically active than their healthy weight counterparts? 
Int.J.Pediatr.Obes. 2009;4(1):28-35. 
164. Esliger DW, Tremblay MS, Copeland JL, Barnes JD, Huntington GE, Bassett DR, Jr. Physical activity 
profile of Old Order Amish, Mennonite, and contemporary children. Med.Sci.Sports Exerc. 
2010;42(2):296-303. 
165. Telford A, Salmon J, Timperio A, Crawford D. Examining Physical Activity Among 5- to 6- and 10- to 12-
Year-Old Children: The Children's Leisure Activities Study. Pediatr.Exerc.Sci. 2005;17:266-80. 
166. Timperio A, Crawford D, Telford A, Salmon J. Perceptions about the local neighborhood and walking and 
cycling among children. Prev.Med. 2004;38(1):39-47. 
167. Pfeiffer KA, Dowda M, McIver KL, Pate RR. Factors related to objectively measured physical activity in 





168. Pfeiffer KA, McIver KL, Dowda M, Almeida MJ, Pate RR. Validation and calibration of the Actical 
accelerometer in preschool children. Med.Sci.Sports Exerc. 2006;38(1):152-57. 
169. Freedson P, Pober D, Janz KF. Calibration of accelerometer output for children. Med.Sci.Sports Exerc. 
2005;37(11 Suppl):S523-S30. 
170. Mattocks C, Leary S, Ness A, Deere K, Saunders J, Tilling K, et al. Calibration of an accelerometer during 
free-living activities in children. Int.J.Pediatr.Obes. 2007;2(4):218-26. 
171. Pate RR, Almeida MJ, McIver KL, Pfeiffer KA, Dowda M. Validation and calibration of an accelerometer 
in preschool children. Obesity.(Silver.Spring). 2006;14(11):2000-06. 
172. Vanhelst J, Beghin L, Turck D, Gottrand F. New validated thresholds for various intensities of physical 
activity in adolescents using the ActiGraph accelerometer. Int.J.Rehabil.Res. 2011;34(2):175-7. 
173. Freedson PS, Melanson E, Sirard J. Calibration of the Computer Science and Applications, Inc. 
accelerometer. Med.Sci.Sports Exerc. 1998;30(5):777-81. 
174. Zahner L, Puder JJ, Roth R, Schmid M, Guldimann R, Puhse U, et al. A school-based physical activity 
program to improve health and fitness in children aged 6-13 years ("Kinder-Sportstudie KISS"): study 
design of a randomized controlled trial [ISRCTN15360785]. BMC.Public Health. 2006;6:147. 
175. Sirard J, Trost SG, Pfeiffer KA, Dowda M, Pate RR. Calibration and evaluation of an objective measure of 
physical activity in preschool children. Journal of Physical Activity and Health. 2005;2(3):324-36. 
176. Ekelund U, Sardinha LB, Anderssen SA, Harro M, Franks PW, Brage S, et al. Associations between 
objectively assessed physical activity and indicators of body fatness in 9- to 10-y-old European 
children: a population-based study from 4 distinct regions in Europe (the European Youth Heart 
Study). Am.J.Clin.Nutr. 2004;80(3):584-90. 
177. Treuth MS, Schmitz K, Catellier DJ, McMurray RG, Murray DM, Almeida MJ, et al. Defining 
accelerometer thresholds for activity intensities in adolescent girls. Med Sci Sports Exerc. 
2004;36(7):1259-66. 
178. Crocker PRE, Holowachuk DR, Kowalski KC. Feasibility of Using the Tritac Motion Sensor Over a 7-Day 
Trial With Older Children. Pediatr.Exerc.Sci. 2001;13:70-81. 
179. Curtis Ellison R, Freedson PS, Zevallos JC, White MJ, Marmor JK, Garrahie EJ, et al. Feasibility and 
Costs of Monitoring Physical Activity in Young Children Using the Caltrac Accelerometer. 
Pediatr.Exerc.Sci. 1992;4:136-41. 
180. Sirard JR, Kubik MY, Fulkerson JA, Arcan C. Objectively measured physical activity in urban alternative 
high school students. Med.Sci.Sports Exerc. 2008;40(12):2088-95. 
181. Sirard JR, Slater ME. Compliance With Wearing Physical Activity Accelerometers in High School 
Students. J.Phys.Act.Health. 2009;6(Suppl 1):S148-S55. 
182. Mattocks C, Tilling K, Ness A, Riddoch C. Improvements in the Measurement of Physical Activity in 
Childhood Obesity; Lessons from Large Studies of Accelerometers. Clinical Medicine: Pediatrics. 
2008;2:27-36. 
183. Sallis JF, Prochaska JJ, Taylor WC. A review of correlates of physical activity of children and adolescents. 
Med.Sci.Sports Exerc. 2000;32(5):963-75. 
184. Ferreira I, Van Der Horst K, Wendel-Vos W, Kremers S, van Lenthe FJ, Brug J. Environmental correlates 
of physical activity in youth - a review and update. Obes.Rev. 2007;8(2):129-54. 
185. Dunton GF, Kaplan J, Wolch J, Jerrett M, Reynolds KD. Physical environmental correlates of childhood 
obesity: a systematic review. Obes.Rev. 2009;10(4):393-402. 
186. Janz KF, Witt J, Mahoney LT. The stability of children's physical activity as measured by accelerometry 
and self-report. Med.Sci.Sports Exerc. 1995;27(9):1326-32. 
187. Kristensen PL, Moller NC, Korsholm L, Wedderkopp N, Andersen LB, Froberg K. Tracking of objectively 
measured physical activity from childhood to adolescence: the European youth heart study. 
Scand.J.Med.Sci.Sports. 2008;18(2):171-78. 
188. Penpraze V, Reilly J, MacLean C, Montgomery C, Kelly L, Paton JY, et al. Monitoring of physical activity 
in young children: how much is enough? Pediatric Exercise Science. 2006;18:483-91. 
189. Sallis JF, Buono MJ, Roby JJ, Carlson D, Nelson JA. The Caltrac accelerometer as a physical activity 
monitor for school-age children. Med.Sci.Sports Exerc. 1990;22(5):698-703. 
190. Fleiss JL. The Design and Analysis of Clinical Experiments. New York: John Wiley & Sons, 1986. p.370-
85. 
191. Gordon-Larsen P, McMurray RG, Popkin BM. Determinants of adolescent physical activity and inactivity 





192. Schmitz KH, Lytle LA, Phillips GA, Murray DM, Birnbaum AS, Kubik MY. Psychosocial correlates of 
physical activity and sedentary leisure habits in young adolescents: the Teens Eating for Energy and 
Nutrition at School study. Prev.Med. 2002;34(2):266-78. 
193. Adkins S, Sherwood NE, Story M, Davis M. Physical activity among African-American girls: the role of 
parents and the home environment. Obes.Res. 2004;12 Suppl:38S-45S. 
194. Tremblay MS, Barnes JD, Esliger DW, Copeland JL. Seasonal Variation in Physical Activity of Canadian 
Children Assessed by Accelerometry [Abstract]. Pediatric Exercise Science. 2005;17:73. 
195. Cleland V, Crawford D, Baur LA, Hume C, Timperio A, Salmon J. A prospective examination of children's 
time spent outdoors, objectively measured physical activity and overweight. Int.J.Obes.(Lond) 
2008;32(11):1685-93. 
196. Ridgers ND, Stratton G, Fairclough SJ. Assessing physical activity during recess using accelerometry. Prev 
Med. 2005;41(1):102-7. 
197. Ridgers ND, Stratton G, Fairclough SJ, Twisk JW. Long-term effects of a playground markings and 
physical structures on children's recess physical activity levels. Prev Med. 2007;44(5):393-7. 
198. Loucaides CA, Chedzoy SM, Bennett N. Differences in physical activity levels between urban and rural 
school children in Cyprus. Health Educ.Res. 2004;19(2):138-47. 
199. Biddle SJ, Gorely T, Stensel DJ. Health-enhancing physical activity and sedentary behaviour in children 
and adolescents. J Sports Sci. 2004;22(8):679-701. 
200. Smith K, Joshi H. The Millennium Cohort Study. Popul.Trends. 2002(107):30-34. 
201. Joshi H. Millennium Cohort Study. In: Medical Research Council-Wellcome Trust workshop, 2008. 
Available from: http://www.esrc.ac.uk/_images/Presentation4_MCS_tcm8-5439.pdf. 
202. Noble M, Smith G, Penhale B. Measuring Multiple Deprivation at the Small Area Level: The Inidices of 
Deprivation. London: Department of the Environment, Transport and the Regions, 2000. 
203. Plewis I. Millennium Cohort Study: technical report on sampling fourth edition. London: Institute of 
Education, University of London, 2007. p. 1-78. 
204. Dex S, Joshi H. Babies of the new millenium. London: Policy Press, 2005. 
205. Plewis I, Ketende S. Millennium Cohort Study: technical report on response, first edition. London: Institute 
of Education, University of London, 2006. 
206. Ketende SC. Technical report on response: second edition. London: Instutute of Education, University of 
London, 2008. 
207. Gray JC, Gatenby R, Huang Y. Millennium Cohort Study sweep 4: Technical report. London: NatCen, 
2010. 
208. Matthews CE, Hagstromer M, Pober DM, Bowles HR. Best practices for using physical activity monitors 
in population-based research. Med Sci Sports Exerc. 2012;44(1 Suppl 1):S68-76. 
209. R Core Development Team. [internet] R: A language and environment for statistical computing website. 
Vienna, Austria: R Foundation for Statistical Computing, 2010. [cited July 2012]. Available from: 
http://www.R-project.org/.  
210. Geraci M, Rich C, Sera F, Cortina-Borja M, Griffiths LJ, and Dezateux C. Technical 
report on accelerometry data processing in the Millennium Cohort Study. London: University College 
London, 2012. Available from: http:// http://discovery.ucl.ac.uk/1361699/. 
211. Sherar LB, Griew P, Esliger DW, Cooper AR, Ekelund U, Judge K, et al. International children's 
accelerometry database (ICAD): design and methods. BMC Public Health. 2011;11:485. 
212. Esliger DW, Copeland JL, Barnes JD, Tremblay MS. Standardizing and Optimizing the Use of 
Accelerometer Data for Free-Living Physical Activity Monitoring. J.Phys.Act.Health. 2005;3:366-83. 
213. Pulsford RM, Cortina-Borja M, Rich C, Kinnafick FE, Dezateux C, Griffiths LJ. ActiGraph accelerometer-
defined boundaries for sedentary behaviour and physical activity intensities in 7 year old children. 
PLoS One. 2011;6(8):e21822. 
214. Griffiths LJ, Hawkins SS, Cole TJ, Dezateux C. Risk factors for rapid weight gain in preschool children: 
findings from a UK-wide prospective study. Int J Obes (Lond). 2010;34(4):624-32. 
215. Hawkins SS, Cole TJ, Law C. An ecological systems approach to examining risk factors for early 
childhood overweight: findings from the UK Millennium Cohort Study. J Epidemiol Community 
Health. 2009;63(2):147-55. 
216. Hawkins SS, Cole TJ, Law C. Maternal employment and early childhood overweight: findings from the 
UK Millennium Cohort Study. Int J Obes (Lond). 2008;32(1):30-8. 
217. Office for National Statistics. Ethnic group statistics: a guide for the collection and classification of 





218. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard definition for child overweight and 
obesity worldwide: international survey. BMJ. 2000;320(7244):1240-3. 
219. Rose D, Pevalin D. A Researcher's Guide to the National Statistics Socioeconomic Clasification. London: 
Sage, 2003. 
220. Geraci M. pawacc: Physical activity with accelerometers. R package version 1.0, 2012 [cited September 
2012]. Available from: http://r-forge.r-project.org/projects/pawacc/. 
221. Rich C, Griffiths LJ, Dezateux C. Seasonal variation in accelerometer-determined sedentary behaviour and 
physical activity in children: a review. Int J Behav Nutr Phys Act 2012;9(1):49. 
222. Rich C, Geraci M, Griffiths L, Sera F, Dezateux C, Cortina-Borja M. Quality Control Methods in 
Accelerometer Data Processing: Defining Miniumum Wear Time. In review: Int J Behav Nutr Phys 
Act, 2012. 
223. Rich C, Geraci M, Griffiths L, Sera F, Dezateux C, Cortina-Borja M. Quality Control Methods in 
Accelerometer Data Processing: Identifying Extreme Counts. In review: BMC Med Res Methodol,  
2012. 
224. Rich C, Cortina-Borja M, Dezateux C, Geraci M, Sera F, Calderwood L, et al. Predictors of non-response 
in a UK-wide cohort study of children's accelerometer-determined physical activity using postal 
methods. BMJ Open.  2013;3(3): pii: e002290. 
225. Oliver M, Schluter PJ, Paterson J, Kolt GS, Schofield GM. Pacific Islands Families: Child and Parental 
Physical Activity and Body Size--design and methodology. N.Z.Med.J. 2009;122(1298):48-58. 
226. Edwardson CL. Activity-related parenting practices and young people's physical activity [dissertation]. 
Loughborough: Loughborough University, 2010. 
227. Masse LC, Fuemmeler BF, Anderson CB, Matthews CE, Trost SG, Catellier DJ, et al. Accelerometer data 
reduction: a comparison of four reduction algorithms on select outcome variables. Med.Sci.Sports 
Exerc. 2005;37(11 Suppl):S544-S54. 
228. Tucker J, Welk G. Accelerometer Data Processing in NHANES 2005-2006: Evaluation of Physical 
Activity Compliance Criteria. In: American College of Sports Medicine 2010 Annual Meeting. 
Maryland (USA):National Cancer Institute, 2010:961. 
229. McClain JJ, Dodd KW, Berrigan D, Troiano RP. How many accelerometer days are needed for stable 
population and individual weekley activity estimates? In: American College of Sports Medicine Annual 
Meeting.  Maryland (USA):National Cancer Institute, 2010:961. 
230. Colley R, Gorber SC, Tremblay MS. Quality control and data reduction procedures for accelerometry-
derived measures of physical activity. Health Rep. 2010;21(1):63-69. 
231. John D, Tyo B, Bassett DR. Comparison of four ActiGraph accelerometers during walking and running. 
Med Sci Sports Exerc. 2010;42(2):368-74. 
232. Matthews CE, Chen KY, Freedson PS, Buchowski MS, Beech BM, Pate RR, et al. Amount of time spent in 
sedentary behaviors in the United States, 2003-2004. Am J Epidemiol. 2008;167(7):875-81. 
233. Hall P, Simon JS. On the Distribution of a Studentized Quantile. Journal of the Royal Statistical Society: 
Series A (Methodological). 1988;50(3):381-91. 
234. Powell JL. Estimation of monotonic regression models under quantile restrictions. In: Nonparametric and 
Semiparametric Methods in Econometrics. New York: North-Holland, 1991. p.357-84. 
235. Koenker R. [internet] Package quantreg: Quantile Regression. Version 4.81, 2012 [cited July 2012]. 
Available from: http://cran.r-project.org/web/packages/quantreg/quantreg.pdf. 
236. Odeh RE. On Jonckheere's k-Sample Test against Ordered Alternatives. Technometrics 1971;13(4):912-18. 
237. Oliver M, Schluter PJ, Schofield GM, Paterson J. Factors Related to Accelerometer-Derived Physical 
Activity in Pacific Children Aged 6 Years. Asia Pac.J.Public Health. 2011;23(1):44-56. 
238. Kozey SL, Staudenmayer JW, Troiano RP, Freedson PS. Comparison of the ActiGraph 7164 and the 
ActiGraph GT1M during self-paced locomotion. Med Sci Sports Exerc. 2010;42(5):971-6. 
239. Ribatet M. POT: Modelling Peaks Over a Threshold. R News. 2007;7(1):34-36. 
240. Fudge BW, Wilson J, Easton C, Irwin L, Clark J, Haddow O, et al. Estimation of oxygen uptake during fast 
running using accelerometry and heart rate. Med Sci Sports Exerc. 2007;39(1):192-8. 
241. Meeker WQ, Escobar LA. Statistical Methods for Reliability Data. New Jersey: Wiley, 1998. p.1-26. 
242. Rowlands AV, Pilgrim EL, Eston RG. Patterns of habitual activity across weekdays and weekend days in 
9-11-year-old children. Prev.Med. 2008;46(4):317-24. 






244. Spearman CE. Proof and measurement of association between two things. American Journal of 
Psychology. 1904;5:72-101. 
245. Box GEP, Cox DR. An Analysis of Transformations. Journal of the Royal Statistical Society: Series A 
(Methodological). 1964:211-52. 
246. Venables WN, Ripley BD. Modern Applied Statistics with S. Fourth ed. New York: Springer 
Science+Business Media, Inc, 2002. p.171. 
247. Pinheiro JC, Bates DM. Mixed-Effects Models in S and S-Plus. New York: Springer Verlag, 2000. 
248. Fletcher TD. [internet] Package ICC1.lme: Intraclass Correlation Coefficient from a Mixed-Effects Model. 
Version 2.2, 2006. [cited July 2012]. Available from: http://CRAN.R-
project.org/package=psychometric. 
249. Carmines EG, Zeller RA. Reliability and validity assessment. California: Sage Publications, 1979. p.37-49. 
250. Jago R, Anderson CB, Baranowski T, Watson K. Adolescent patterns of physical activity differences by 
gender, day, and time of day. Am.J.Prev.Med. 2005;28(5):447-52. 
251. Baranowski T, Masse LC, Ragan B, Welk G. How many days was that? We're still not sure, but we're 
asking the question better! Med.Sci.Sports Exerc. 2008;40(7 Suppl):S544-S49. 
252. Plewis I. Non-Response in a Birth Cohort Study: The Case of the Millennium Cohort Study. International 
Journal of Social Research Methodology. 2007;10(5):325-34. 
253. Ketende SC. Millennium Cohort Study: Technical Report on Response. Third Edition edition. London: 
Centre for Longitudinal Studies, University of London, 2010. 
254. Farrar DE, Glauber RR. Multicollinearity in Regression Analysis: The Problem Revisited. The Review of 
Economics and Statistics. 1967;49(1):92-107. 
255. Allison PD. Multiple Regression: a primer. Thousand Oaks, California: Pine Forge Press, 1999. 
256. Wilkinson JD, Arheart KL, Lee DJ. Accuracy of parental reporting of secondhand smoke exposure: The 
National Health and Nutrition Examination Survey III. Nicotine Tob Res. 2006;8(4):591-7. 
257. Griffiths LJ, Dowda M, Dezateux C, Pate R. Associations between sport and screen-entertainment with 
mental health problems in 5-year-old children. Int J Behav Nutr Phys Act. 2010;7:30. 
258. Sirard JR, Pate RR. Physical activity assessment in children and adolescents. Sports Med. 2001;31(6):439-
54. 
259. Little RJA. Missing-Data Adjustments in Large Surveys. Journal of Business & Economic Statistics. 
1988;6(3):287-96. 
260. King AC, Parkinson KN, Adamson AJ, Murray L, Besson H, Reilly JJ, et al. Correlates of objectively 
measured physical activity and sedentary behaviour in English children. Eur J Public Health. 
2011;21(4):424-31. 
261. Jones WHS. General Introduction to Hippocrate. Loeb Classical Library. Massachusetts: Harvard 
University Press, 1923:71. 
262. Rabe-Hesketh S, Skrondal A. Multilevel and longitudinal modeling using Stata. College Station, Texas: 
Stata Press, 2008. 
263. Bell BA, Schoeneberger JA, Morgan GB, Kromrey JD, Ferron JM. Fundamental Diagnostics for Two-
Level Mixed Models. In: SAS Global Forum, 2010:201. 
264. Goldstein H. Heteroscedasticity and Complex Variation. Encyclopedia of Statistics in Behavioral Science. 
New York, USA: John Wiley & Sons, Ltd, 2005. 
265. Baxter-Jones ADG, J.C. E, Sherar LB. Controlling for maturation in pediatric exercise science. Pediatric 
Exercise Science. 2005;17:18-30. 
266. Sandercock G, Angus C, Barton J. Physical activity levels of children living in different built 
environments. Prev.Med. 2010;50(4):193-98. 
267. Booth ML, Okely AD, Chey T, Bauman A. Patterns of activity energy expenditure among Australian 
adolescents. Journal of Physical Activity and Health. 2004;1(3):246-58. 
268. Department of Health.[internet]. Change4Life, 2012 [cited Spetmber 2012]. Available from: 
http://www.nhs.uk/change4life/Pages/change-for-life.aspx.  
269. Tate AR, Dezateux C, Cole TJ, Davidson L. Factors affecting a mother's recall of her baby's birth weight. 
Int J Epidemiol. 2005;34(3):688-95. 
270. Walton S, Bedford H, Dezateux C. Use of personal child health records in the UK: findings from the 
millennium cohort study. BMJ. 2006;332(7536):269-70. 
271. Tanaka C, Tanaka S, Kawahara J, Midorikawa T. Triaxial accelerometry for assessment of physical 





272. Basterfield L, Adamson AJ, Frary JK, Parkinson KN, Pearce MS, Reilly JJ. Longitudinal study of physical 
activity and sedentary behavior in children. Pediatrics. 2011;127(1):e24-30. 
273. Colley RC, Garriguet D, Janssen I, Craig CL, Clarke J, Tremblay MS. Physical activity of Canadian 
children and youth: accelerometer results from the 2007 to 2009 Canadian Health Measures Survey. 
Health Rep. 2011;22(1):15-23. 
274. Yildirim M, Verloigne M, de Bourdeaudhuij I, Androutsos O, Manios Y, Felso R, et al. Study protocol of 
physical activity and sedentary behaviour measurement among schoolchildren by accelerometry--cross-
sectional survey as part of the ENERGY-project. BMC Public Health. 2011;11:182. 
275. Chinapaw MJ, Yildirim M, Altenburg TM, Singh AS, Kovacs E, Molnar D, et al. Objective and self-rated 
sedentary time and indicators of metabolic health in Dutch and Hungarian 10-12 year olds: the 
ENERGY-Project. PLoS One. 2012;7(5):e36657. 
276. Dencker M, Svensson J, El-Naaman B, Bugge A, Andersen LB. Importance of epoch length and 
registration time on accelerometer measurements in younger children. J Sports Med Phys Fitness. 
2012;52(2):115-21. 
277. Ojiambo R, Cuthill R, Budd H, Konstabel K, Casajus JA, Gonzalez-Aguero A, et al. Impact of 
methodological decisions on accelerometer outcome variables in young children. Int J Obes (Lond). 
2011;35 Suppl 1:S98-103. 
278. Corder K, Brage S, Ramachandran A, Snehalatha C, Wareham N, Ekelund U. Comparison of two 
ActiGraph models for assessing free-living physical activity in Indian adolescents. J Sports Sci. 
2007;25(14):1607-11. 
279. Vanhelst J, Mikulovic J, Bui-Xuan G, Dieu O, Blondeau T, Fardy P, et al. Comparison of two ActiGraph 
accelerometer generations in the assessment of physical activity in free living conditions. BMC Res 
Notes. 2012;5(1):187. 
280. Paul DR, Kramer M, Moshfegh AJ, Baer DJ, Rumpler WV. Comparison of two different physical activity 
monitors. BMC Med Res Methodol. 2007;7:26. 
281. Ness AR, Leary SD, Mattocks C, Blair SN, Reilly JJ, Wells J, et al. Objectively measured physical activity 
and fat mass in a large cohort of children. PLoS Med. 2007;4(3):e97. 
282. Rodriguez DA, Brown AL, Troped PJ. Portable global positioning units to complement accelerometry-
based physical activity monitors. Med Sci Sports Exerc. 2005;37(11 Suppl):S572-81. 
283. Butte NF, Ekelund U, Westerterp KR. Assessing physical activity using wearable monitors: measures of 
physical activity. Med Sci Sports Exerc. 2012;44(1 Suppl 1):S5-12. 
284. Lachowycz K, Jones AP, Page AS, Wheeler BW, Cooper AR. What can global positioning systems tell us 
about the contribution of different types of urban greenspace to children's physical activity? Health 
Place. 2012;18(3):586-94. 
285. Oreskovic NM, Blossom J, Field AE, Chiang SR, Winickoff JP, Kleinman RE. Combining global 
positioning system and accelerometer data to determine the locations of physical activity in children. 
Geospat Health. 2012;6(2):263-72. 
286. Crouter SE, Churilla JR, Bassett DR, Jr. Accuracy of the Actiheart for the assessment of energy 
expenditure in adults. Eur J Clin Nutr. 2008;62(6):704-11. 
287. Welk GJ, Eisenmann JC, Schaben J, Trost SG, Dale D. Calibration of the biotrainer pro activity monitor in 
children. Pediatr Exerc Sci. 2007;19(2):145-58. 
288. Strath SJ, Brage S, Ekelund U. Integration of physiological and accelerometer data to improve physical 
activity assessment. Med Sci Sports Exerc. 2005;37(11 Suppl):S563-71. 
289. Zakeri I, Adolph AL, Puyau MR, Vohra FA, Butte NF. Application of cross-sectional time series modeling 
for the prediction of energy expenditure form heart rate and accelerometry. J Appl Physiol. 
2008;104:1665-73. 
290. Brage S, Brage N, Franks PW, Ekelund U, Wong MY, Andersen LB, et al. Branched equation modeling of 
simultaneous accelerometry and heart rate monitoring improves estimate of directly measured physical 
activity energy expenditure. J Appl Physiol. 2004;96(1):343-51. 
291. Zhang K, Pi-Sunyer FX, Boozer CN. Improving energy expenditure estimation for physical activity. Med 
Sci Sports Exerc. 2004;36(5):883-9. 
292. Ridley K, Ainsworth BE, Olds TS. Development of a compendium of energy expenditures for youth. Int J 
Behav Nutr Phys Act. 2008;5:45. 
293. Ward DS, Evenson KR, Vaughn A, Rodgers AB, Troiano RP. Accelerometer use in physical activity: best 





294. McCutcheon AL. Latent Class Analysis (Quantitative Applications in the Social Sciences). Thousand Oaks, 
California: Sage Publications, 1987. 
295. Pober DM, Staudenmayer J, Raphael C, Freedson PS. Development of novel techniques to classify 
physical activity mode using accelerometers. Med Sci Sports Exerc. 2006;38(9):1626-34. 
296. Bonomi AG, Goris AH, Yin B, Westerterp KR. Detection of type, duration, and intensity of physical 
activity using an accelerometer. Med Sci Sports Exerc. 2009;41(9):1770-7. 
297. Crouter SE, Clowers KG, Bassett DR, Jr. A novel method for using accelerometer data to predict energy 
expenditure. J Appl Physiol. 2006;100(4):1324-31. 
298. Craggs C, Corder K, van Sluijs EM, Griffin SJ. Determinants of change in physical activity in children and 
adolescents: a systematic review. Am J Prev Med. 2011;40(6):645-58. 
299. Jose KA, Blizzard L, Dwyer T, McKercher C, Venn AJ. Childhood and adolescent predictors of leisure 
time physical activity during the transition from adolescence to adulthood: a population based cohort 
study. Int J Behav Nutr Phys Act. 2011;8:54. 
300. Gotay CC. Behavior and cancer prevention. J Clin Oncol. 2005;23(2):301-10. 
301. Kriska AM, Saremi A, Hanson RL, Bennett PH, Kobes S, Williams DE, et al. Physical activity, obesity, 
and the incidence of type 2 diabetes in a high-risk population. Am J Epidemiol. 2003;158(7):669-75. 
302. Fang J, Wylie-Rosett J, Cohen HW, Kaplan RC, Alderman MH. Exercise, body mass index, caloric intake, 
and cardiovascular mortality. Am J Prev Med. 2003;25(4):283-9. 
303. Pratt M, Macera CA, Blanton C. Levels of physical activity and inactivity in children and adults in the 
















































































































































Physical Actvity Monitoring Pilot 1
No. of subjects interviewed at MCS4 Pilot 1
38
No. families not
agreed to take part
7
Proportion taking part No. of families agreed to take part
81.6% 31



















NO valid data questionnaires
2 12
Proportion valid data No. monitors with valid data
57.9% 22
1 valid day 7 valid days
1 10
2 valid days 6 valid days
0 4


















































































































































































































































































































































Search term No. of 
search 
hits 
1  explode “Child, Preschool” / all SUBHEADINGS in MIME, MJME 655389 
2  explode “Child” / all SUBHEADINGS in MIME, MJME 1355604 
3  explode “Adolescent” / all SUBHEADINGS in MIME, MJME 1372756 
4  explode “Motor- Activity” / all SUBHEADINGS in MIME, MJME 91462 
5  explode “Energy Metabolism” / all SUBHEADINGS in MIME, MJME 237169 
6  explode “Sedentary Lifestyle” / all SUBHEADINGS in MIME, MJME 420 
7  explode “Television” / all SUBHEADINGS in MIME, MJME 24918 
8  ((physical or motor) activity) or energy or sedentar* or television or 
computer* 
1073263 
9  acceleromet* 3723 
10  (explode “Child, Preschool” / all SUBHEADINGS in MIME, MJME) or 
(explode “Child” / all SUBHEADINGS in MIME, MJME) or (explode 
“Adolescent” / all SUBHEADINGS in MIME, MJME) 
343601 
11  (explode “Motor- Activity” / all SUBHEADINGS in MIME, MJME) or 
(explode “Energy Metabolism” / all SUBHEADINGS in MIME, MJME) 
or (explode “Sedentary Lifestyle” / all SUBHEADINGS in MIME, 
MJME) or (explode “Television” / all SUBHEADINGS in MIME, 
MJME) or ((physical or motor) activity) or energy or sedentar* or 
television or computer* 
1263011l 
12 1 9 and 10 and 11 729 
13  explode “Data collection” / all SUBHEADINGS in MIME, MJME 1145000 
14  consent or valid or compliance or feasib* or accept* or adheren* or 
predict* or respon* or bias  
3163474 
15  (explode “Data collection” / all SUBHEADINGS in MIME, MJM) or  
consent or valid or compliance or feasib* or accept* or adheren* or 
predict* or respon* or bias  
"Data Collection"[MeSH] or consent or valid or compliance or feasib* or 
accept* or adheren* or predict* or respon* or bias 
3996198 
16 2 9 and 10 and 11 and 15 382 
17  explode “Biostatistics” / all SUBHEADINGS in MIME, MJME 249 
18  data or analysis or cleaning or reduc* or spurious or wear* or day* or hr* 
or min*  
8049386 
19  (explode “Biostatistics” / all SUBHEADINGS in MIME, MJME) or  data 
or analysis or cleaning or reduc* or spurious or wear* or day* or hour* 
or minute*  
8049421 
20 3 9 and 10 and 11 and 19 610 
21  explode “Seasons” / all SUBHEADINGS in MIME, MJME 63066 
22  explode “Weather” / all SUBHEADINGS in MIME, MJME 357786 
23  variation or variab* or wind or humid* or rain* or snow* or sun* or 
temperat* or cold or hot or months or spring or summer or autumn or fall 
or winter  
2259441 
 
24  (explode “Seasons” / all SUBHEADINGS in MIME, MJME) or (explode 
“Weather” / all SUBHEADINGS in MIME, MJME) variation or variab* 
or wind or humid* or rain* or snow* or sun* or temperat* or cold or hot 
or months or spring or summer or autumn or fall or winter 
2347299 




























































































































Appendix V: Estimated regression coefficients and p-values for interactions between 
season and other confounders 
 Adjusted (95% CI) p-value 
Total physical activity (counts per minute)   
Season:child’s gender 






-12.72 (-35.01, 9.57) 
-11.74 (-34.49, 11.00) 







Global test  
Spring-Mixed 
Spring-Indian 
   Spring-Pakistani/Bangladeshi 




   Summer-Pakistani/Bangladeshi 




   Autumn-Pakistani/Bangladeshi 




47.25 (-64.10, 158.60) 
-38.58 (-116.47, 39.31) 
-34.58 (-121.08, 51.93) 
-86.71 (-191.66, 18.23) 
9.76 (-108.30, 127.82) 
-96.97 (-208.44, 14.50) 
-51.36 (-132.20, 29.47) 
-16.08 (-116.54, 84.38) 
-34.56 (-146.03, 76.90) 
-17.36 (-159.36, 124.64) 
-39.73 (-161.45, 82.00) 
-46.00 (-127.14, 35.13) 
93.44 (-14.40, 201.28) 
-34.18 (-145.69, 77.32) 

























-27.40 (-58.57, 3.77) 
-23.54 (-54.97, 7.88) 







Global test  
Spring-Intermediate 
Spring-Small employers & own account workers 
Spring-Lower supervisory & technical 
Spring-Semi-routine & routine 
Spring-Non-employed 
Summer-Intermediate 
Summer-Small employers & own account workers 
Summer-Lower supervisory & technical 
Summer-Semi-routine & routine 
Summer-Non-employed 
Autumn-Intermediate 
Autumn-Small employers & own account workers 
Autumn-Lower supervisory & technical 
 
 
11.97 (-22.32, 46.27) 
17.77 (-27.82, 63.35) 
18.10 (-72.84, 109.04) 
29.97 (-7.83, 67.77) 
-8.96 (-40.13, 22.21) 
10.14 (-25.16, 45.44) 
23.33 (-21.95, 68.62) 
45.13 (-42.30, 132.56) 
7.83 (-30.72, 46.37) 
-14.52 (-46.67, 17.64) 
11.31 (-25.00, 47.62) 
20.38 (0.58, 175.87) 




















Autumn-Semi-routine & routine 
Autumn-Non-employed 
61.93 (22.05, 101.81) 
14.00 (-19.00, 46.99) 
0.002 
0.406 
Season:maternal academic status 
Global test  
Spring- Higher education/ teaching qual./ diplomas 
Spring-A/AS/S-levels 
Spring-O-levels/GCSE grades A-C 
Spring-GCSE grades D-G 
Spring-Other academic qualifications 
Spring-None of these 
Summer- Higher education/ teaching qual./ diplomas 
Summer-A/AS/S-levels 
Summer-O-levels/GCSE grades A-C 
Summer-GCSE grades D-G 
Summer-Other academic qualifications 
Summer-None of these 
Autumn- Higher education/ teaching qual./ diplomas 
Autumn-A/AS/ S-levels 
Autumn-O-levels/GCSE grades A-C 
Autumn-GCSE grades D-G 
Autumn-Other academic qualifications 
Autumn-None of these 
 
 
0.16 (-26.00, 26.31) 
5.56 (-38.86, 49.98) 
NA 
161.93 (-110.95, 434.81) 
-62.01 (-151.22, 27.20) 
-3.19 (-55.51, 49.14) 
16.24 (-10.30, 42.78) 
-1.05 (-47.03, 44.93) 
NA 
209.27 (-64.34, 482.88) 
-51.10 (-143.79, 41.59) 
36.08 (-17.46, 89.62) 
-7.22 (-34.33, 19.89) 
-25.22 (-72.78, 22.33) 
NA 
NA 
-123.48 (-213.47, -33.48) 


































-16.53 (-52.23, 19.17) 
24.19 (-2.29, 50.67) 
17.12 (-22.86, 57.10) 
-26.49 (-63.21, 10.23) 
17.55 (-9.57, 44.66) 
65.23 (24.34, 106.13) 
-39.26 (-77.09, -1.43) 
-0.05 (-28.20, 28.09) 












Sedentary Behaviour   
Season:child’s gender 






-0.23 (-7.59, 7.13) 
-0.25 (-7.74, 7.24) 









Spring-Small employers & own account workers 
Spring-Lower supervisory & technical 




-3.44 (-14.30, 7.42) 
-0.82 (-15.52, 13.88) 
-1.85 (-31.86, 28.15) 
-9.24 (-20.67, 2.18) 













Summer-Small employers & own account workers 
Summer-Lower supervisory & technical 
Summer-Semi-routine & routine 
Summer-Non-employed 
Autumn-Intermediate 
Autumn-Small employers & own account workers 
Autumn-Lower supervisory & technical 
Autumn-Semi-routine & routine 
Autumn-Non-employed 
-3.39 (14.56, 7.78) 
-3.38 (-18.02, 11.26) 
-6.78 (-34.64, 21.08) 
5.74 (-6.10, 17.57) 
4.65 (-5.26, 14.57) 
5.02 (-6.77, 16.81) 
1.50 (-13.51, 16.51) 
-10.05 (-40.10, 20.00) 
4.51 (-7.90, 16.91) 





















4.21 (-3.59, 12.01) 
3.50 (-14.39, 21.39) 
0.93 (-7.06, 8.93) 
2.52 (-15.43, 8.93) 
7.35 (-0.93, 15.64) 

















-1.99 (-3.75, -0.24) 
-0.68 (-2.46, 1.10) 













-2.93 (-5.35, -0.50) 
-0.68 (-3.80, 1.08) 







Global test  
Spring-Intermediate 
Spring-Small employers & own account workers 
Spring-Lower supervisory & technical 
Spring-Semi-routine & routine 
Spring-Non-employed 
Summer-Intermediate 
Summer-Small employers & own account workers 
Summer-Lower supervisory & technical 
Summer-Semi-routine & routine 
Summer-Non-employed 
Autumn-Intermediate 
Autumn-Small employers & own account workers 
Autumn-Lower supervisory & technical 




0.88 (-1.69, 3.45) 
2.96 (-0.56, 6.48) 
-1.35 (-8.46, 5.76) 
2.16 (-0.53, 4.85) 
-1.29 (-3.61, 1.03) 
-0.34 (-2.98, 2.31) 
1.68 (-1.79, 5.15) 
1.81 (-4.78, 8.40) 
0.45 (-2.33, 3.23) 
-1.60 (-3.96, 0.76) 
-0.74 (-3.53, 2.04) 
2.17 (-1.39, 5.73) 
1.80 (-5.31, 8.92) 
0.65 (-2.27, 3.58) 



































0.67 (-1.60, 2.95) 
1.43 (-0.24, 3.11) 
2.24 (-0.31, 4.81) 
-0.99 (-3.34, 1.35) 
1.12 (-0.59, 2.84) 
2.60 (-0.02, 5.22) 
-1.23 (-3.64, 1.18) 
0.01 (-1.76, 1.78) 




















-5.33 (-8.62, -2.04) 
-3.67 (-7.03, -0.32) 













-5.02 (-9.54, -0.49) 
-1.05 (-5.61, 3.51) 



















-1.55 (-6.84, 3.74) 
3.05 (-0.83, 6.94) 
6.15 (0.38, 11.92) 
-3.18 (-8.65, 2.28) 
3.00 (-0.95, 6.95) 
11.07 (5.18, 16.96) 
-6.56 (-12.22, -0.89) 
-2.88 (-7.03, 1.26) 
6.07 (-0.04, 12.17) 
 
0.001 
0.566 
0.123 
0.037 
0.254 
0.137 
<0.001 
0.023 
0.173 
0.051 
 
 
 
 
 
